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‘The purpose of this paper is to present a! “classical” or ‘ “exact” method o 0 
analyzing continuous fr frames which h requires 1 s the direct solution of very fi few, v, if 
“any, simultaneous equations. greatest objection to ‘methods of slope de- 


“flection, 1 least | work, and virtual work i is the labor or involved i in the ‘solution a | 


these equations. There is some p: parallelism in form with the moment distribu- 


tion method but the fundamental ideas’ are entirely different. = The repeated 


derivations and to help in visuali alizin g the ‘several mo in the solution of 


theproblems, 4 


The procedure recommended for or the s solution of problems requires res the 


cycles are entirely avoided. Reference is made to this parallelism to clarify the 


calculation of certain quantities which are analogous to the stiffness factors, _ 


carry-over factors, and fixed- -end moments of moment distribution. 
are developed for these quantities using a beam with elastic su upports. This 
support condition is a result of the elasticity of the members of the frame ad-— 
jacent to the supports. © ‘The equations have been previously developed i 
the flexibility of the connections as as the elasticity. 3 The method i is particularly 


well adap ted to th the a analysis of fi frames with flexible connections. 
‘The necessary equations are > derived, the general method of procedure i is Bie 


outined, and then the solution 0 of a series of problems is given 


Inrropucrion 7 


5 The me method is presented a as a series of linens beginning with a simple 
| case and then progressing to more complicated cases as the technique of solution — 
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Tequired values may be 


since the follows afixed pattern, 
‘PART DERIVATION OF EQUATIONS tity 
letter symbols in in this paper are defined where they first appear, inthe 
text or by illustration, 
; _ ‘The properties of the conjugate beam as presented in standard texts on § | 
strength of materials-5 are used in the derivations. If the conjugate beam i n is. 
with the ——diagram of the g given beam, the resulting shear and 
moment at any are equal, respectively, to the slope and deflection at the 
point on the elastic curve of the given beam. 
- The conjugate beam has the —_ span length as the given beam. The 
reactions ‘must be consistent with the ; ylosding, and they must also 
- en and moments consistent with the conditions imposed on the he given beam, _,. 
a _ The sign convention will be correct if the following n notation is used: e? aa 


: (1) The s shear (slope) at any section i is positive if the 1 resultant of | all forces 

T) ) to the left of the section acts in a positive or Me 

4 


vo compression in the upper fibers of the beam; 


(3) ~The —-diagram has the same sign as the M- diagram and is as 
(4) The left reaction of the conjugate beam is equal to the | slope | of the on 
elastic curve at the e left s support. Similarly, the e right: reaction | is is equal to to the he 

slope at the right support with its sign changed. iit arse 4 — 
In any continuous frame one or both of the supporting points of a member beam 
are elastic by virtue of the flexibility of the other members framing into these is zen 


‘This elasticity (which is assumed to be the result of flexural deforma- a 


points. 


under consideration 


an 4‘*Resistance of Materials,” by Fred B. Seely, John Wiley & Sons, Inc., New York, N. Y., 2d Ed., 
§*Elements of Str of Materials,” by 8. Timoshenko and G. McCullough, D. Van Nostrand 


York, N. Y., 2d Ed., 1940, pp. 167 and 


i. 
= 
— 
— 
— 
if) 
only) may be that the me of 
from a unit moment, assuming 
esting from a unit moment, 
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FRAME ANALYSIS _ 


‘ elasticity of support R R depends on the flexibility of members RS, RP, and PQ. 2 

= At each of these supports these flexibilities can be combined into one quantity, — 4 
called the “elastic factor,” Z. The method of computing and wing this. quan- 


> tity an a others 8 required for the analysis will be shown. 
the ‘Tur Factor AND THE Evastic FACTOR FOR 
| Prismatic Beam Havine a Fixep Support One Enp 
ia & Fig. 2(b) shows the elastic curve of a given beam AB having a span of flength 
— g Lin which point B Bi is a support assumed to be fixed. Beam UYi in Fig. 1(a) is 
ling | 
the a 
The 
luce 
om. 
(a) LOADED CONJUGATE BEAM 
Trees 
uses 
nas 
a LOAD AND DEFLECTION DIAGRAM LOAD AND DEFLECTION DIAGRAM 
the 2. —Fixep AT Fra. 3.—Exastic Suprort at Bora Enps 
Bp such a member. - The beam is rotated a at point A by an ap) applied moment Ma 7 
which produces an induced moment Mga at support B. The loaded conjugate 
nber beam i is shown i in Fig. 2(a). — _ Since the slope of the given beam AB at point - _ 
hese is zero, the reaction of the conjugate beam B is also zero. For ¢ convenience - ae 


the E Mf diagram of Fig. 2(a) has been « divided into two triangles (one aie 


and one negative) by the dotted lines. 


ih Eq. 1, the fraction ; is the well- -known “carry-over | factor” 


support at “elastic factor” is found by computing the reaction 
44 of the conjugate beam. Since Oz is zero, 04 is equal to the area of the area 


or 


= 


“4 
= 
— 
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In Eq. ~ is the factor” 0 or at A due to 


of a ‘moment. Representing the elastic factor at at point by 


Za, with the far end, B, fixed: 


Tf point B is a hinged A, the 5 oe is a aaa triangle si sin 


Mpa BA is zero, and 


it to 


1 


“AND THE. Exastic Factor FOR A 

$e PRISMATIC BEAM HavING AN Exastic Support at Enp B, 
END FARTHEST | rnom THE APPLIED MoMENT 

‘Fig. shows the elastic curve of a beam7AB similar in every ery respect to 
that of Fig. 2 except that the slope 62 at end B is ease to Mpa. . F Laenal 


‘Taking m moments about end A on the ec conjugate beam: — L- 

Maz L Xz L = 8. Mea pa Zp 'B for r Op and 


“L+3 EI Zs 
which 5 the carry-over factor when support B is ‘The quan- 


tity (L + 3 EI Zz) will be called the “elastic length” of the beam with respect 
the support B and will be denoted by Laz to form of the 


tions involving this expression; thus: 


— 


— from which, by Eq. 1, 
— 
| 
and 
— 
ern 
— 
Since the elastic factor Z4 is equal to 
* 
— 
— = 
— 
— 
— 
oft 
RP 
5 
Bin 
a » 
— 


“elastic factor” s obtained by computing the reactions, 6, of the con- 


SEI 


Hie 


the elastic factor frame ] RPQ of 1(a). The elastic 
depends on the flexibility of the column of PQ which may be obtained 
- from Eq. 3. T Therefore, Z RPQ is found by substituting | Zrq from Eq. 3 in 
Ey 11. . Inasmuch a as Za in Eq. 11 is a function of Zz, the latter must be ~ 
; computed first. Thus, on one must start with a point s such as a fixed or — 
joint whose rigidity isknown. = = 
aie procedure for computing the elastic factor for part of a frame such as 
QPRS of Fig. 1(a) will now be given. 1(6)s shows the part QPRS isolated as 
a free body and subjected to an external positive moment Mp. Since the sum 
_ of the moments about a joint is zero, the sum of the moments on joint R from % 
: RPQ and RS is equal but opposite in sign to the moment M r- The elastic ic 
: - factor representing the combined flexibility of RPQ and RS is found by no noting 
that each o of the e aforementioned moments i is proportional to the stiffness factor 
the member which is equal to the re — of the elastic factor or. ‘The 


ors 
ih which Zr is the angular change at joint R when a unit moment is ap 


q 
4 
4 Mas x L 2L _ Mba x L x L 
) From Eq 
Map 12E I Lap 3 EI Lap . = 
5) red uces ‘ is nxeqd § in ‘ D is TO DECOM as J. 
to 
(6) 
4 
9 
ing 
4 
al 
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‘Dus TO TRANSVERSE ‘Loapine FOR 


Be Fi Fig. 4(b) represents the elastic curve wie a aihiens AB of s span — L, loaded 
transversely and and having two flexible supports Aand B. The moment 
for the given transverse loads 

acting on simple beam of 

length L it is shown i in Fig. 4(0), 

The moment diagrams due to 

ap and Mga are shown in Figs. 

and 4(e), respectively. The 

‘principle of superposition of the 

simple-beam moment diagrams 

(a) LOADED CONJUGATE BEAM is: used to obtain the moment 

diagram for the loads and mo- 
“ments acting ‘simultaneously. 

‘The: resulting ¢ curve, divided by 


is shown in Fig. 4(a). 


as a load, reactions, 
and Oz, of the conjugate beam 
found by taking moments 
about supports Band A, Tespec- 
tively. The rotation @ in each 
equation is then replaced by its ] 
- corresponding value, M Z, and 
the e equations are solved part 
taneously to mente. Ta formulas 


diagram i in Fig. 


; 


Mpa- DIAGRAM 0; 3E Mas Za + Mas 


4.—Bram on Evastic Surronrs, | an 


—from 


— 
— 
Eqs. 
wa 
— 
and 
= 
— 
denc 
LOAD AND DEFLECTION DIAGR then 
a M~ DIAGRAM DUE TO GIVEN LOADS 
: 
— 
— 
— » 
— Bi 
— 
 ... (15a) me 


Similarly, by taking moments about point 


le 16, as s follows: 


4 Lap Lpa — L* Lea 
2 — ty)... 


| soit one end, such a as B, is a ones support, Mga = 0. - The num numerator and 


‘denominator of Eq. 16a are om divided by Lag producing 19 


If ends A ont B 


‘supports, La 1p and Lea of 
Eqs. 16a and 16b are replaced Mm 
by Ls since ZaandZgareboth Er 


sero. The resulting equations 


are the well-known for formulas 
for fixed-end moments in the . 


moment distribution method: — 
2 A (17a) 


Maz 224 —2p).(17b 
Enp DvE TO THE OF THE 


Es These displacements are perpendicular to ) the longitudinal axis of the beam. 
“Rig. 5(b) shows the elastic curve of a beam AB of span length L when the end 
Bi is displaced a distance A relative to end A. _ ‘The induced moments are Map an. 
and Mpa. The loaded conjugate beam is shown in 1 Fig. 5(a). ie The displace- i, 

Ment of end B, shown as a negative quantity in Fig. 5(b), is represented as a 
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ram nd 15b) is given by 
ads 
the — 
ent 
iim 
Fora hinge, Z = ©; consequently, Lag by Eq. 8. The last termin both 
84 the numerator and the denominator of Eq. 16c becomes zero. Thisequation § i 
— 

— 
14b) — 
50) 
15a 


om: 


bad Similarly, taking m moments about end A and and substituting the corresponding 


es for 6p and L + 3 BI Zp (Eq. 8): 


nm of the dalieiaii us equations (Eqs. 19) is giv 
a+L 
AB 


4 Lap Lea — B 


ae points A and B are re fixed nae Lap and L B a of Eqs. . 20 are replaced 
by L since Z4 and Zz are both zero. _ Then these | equations reduced to the 


joint translation ‘equations: of moment distribution: a 


“SE 


2 
FLEXIBLE CoNNECTIONS 


‘Ing general, the flexibility of the connections cat can be t e taken into consideration 
by increasing the elastic length of the beams. The “elastic length” of the 
member used in the computations will then be _ ; 


| in which Zy refers to the joint and to > the connection. of Zc for 
the connection must be obtained by experiment or by « other methods, as 
sed for ape connections because 64 in this 


“derive a new expression for the “elastic factor.” 


— 
FRAME ANALYSIS Papers § April 
negative moment A acting on the conjugate otc 
moments about end B on the conjugate 
EI Xx X 3 +4 =0; and 
Substituting the value of and also Lg, for + 3 HI Za: 
Map 
For 
— 
— 
* 
“tot 
ad 
: 
ar 
| 
— 


$s Since the rotatio 
plus the angular chan nge in 


E I Tas 


brevit let: 
from which 


the frame is one in which there is joint translation 
dice of the problem may be divided into Six | distinct steps. In those — 
' where the solution involves joint translation, a solution is first obtained assum- 
that this motion is prevented. Later this assumption is corrected by: 
In the derivation of formulas it was s emphasized that the calculation of the 
- elastic factors must begin with a member adjacent to a primary support (a + 
joint whose rigidity i is known). However, in some ‘structures | (the V jerendeel_ 
truss being an example), this is not possible. The c computations for the elastic 
“factors cannot be a path be to its ‘starting point. 


“rotation. “These 


Step (a).—Select a minimum number of “fixed joints,” dividing the nn 


UD 


into sections such that in any section one can move on the frame from any 


x point in the section to any other by one, and only one, ,route. 4 yA cla 
a eit _ Step (b).—Compute the elastic factors Z4 and Zp for 2ach member of the 


frame (see Eqs. 3, 5, or 11). The elastic lengths : and the ‘earry-over factors 


Step (c)—Compute t the moments. at the ends of the members connected to 
“fixed joint” when the joint is rotated unit amount. the 


resultin ts hout the frame. 


pril, 1947 = FRAME ANALYSIS 421 ‘ 
the rotation of the end of the beam 
L Las +3 EI Zac Lap — (L+3£EHI1 Zac) Las — 
“If the connection of AB at end B is flexible— 
stated in Eq. 22. q 
weal 
‘the — 
(21) 
7 
tion Olnts can later be released and tne elect 
the — 
— 
for 
to 


ee. Step (e)—The temporary “fixed joints” are ‘eliminated by forming simul- 
- _ taneous equations from the resulting steps (c) and (d). Solve these. equations 

for the rotation correction factors. 
Step iim —Eliminate the fixed condition of the joints by substituting by 
== ee the results of step (e) in step (c), and combine the results with those 
step (d). If there i is no joint translation result of ‘step (f) i is 


Jo OINT 


satisfied. ‘These result in deformations across the section where they occur. 
Literal valets are assigned to these deformations and an equation of condition 
set up for each section. The > literal terms of f each ¢ equation represent the 
shears across the sections due to the several (unknown) deformations. The 


The final moments are found by ‘the oleae of superposition, adding the 
. change in the moments due to these deformations to those found by step (f). 
= 


r ir 
The shea corrections require three additional steps. 4 


(9) —Translate the joints, ‘successively, along shear section | an 


‘@ the supporting members; and then. compute the resulting er end moments from 
, 20. Distribute these moments in the same manner as those due to a load. - 
«Step (h) .—Compute the shear on each s shear section due to the joint trans-— 
lame of step (g). Form equations « of condition for the several shear sections — 
_ noting that these shears are the coefficients of the literal deformations. The 
solution of these equations gives the amount of deflection necessary to satisiy 
the shear requirements of the problem. ss 


Step -—Multiply the moments of step (g) by: the shear correction factors 


For convenience in computations involving individual 
will be assumed equal to unity. ‘The: moment of inertia, J, will be given 


compression on the upper fibers of the notation presents diffieul- 


_ ae ties in frame analysis 80, as in moment distribution, the convention used in 


the problems will be: A positive end moment is one that will tend o turn ‘the 
end of a member going into a joint in a clockwise direction. 


load 
hi 
bw 
is ta 
com 
itsv 
“dire 
| fro 
‘me! 
BA 
— 
“lat 
— 
— 
ired for a problein, it will be 
¥ foregoing step letters. If a 
study of Eqs. 3 to 20 will show that E is eliminated from the c 


Step (a) —Since there are no o closed Onn ConcentraTep 
circuits and since the computations for 
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EXAMPLE 1 (a) 


continuous ABCDE (Fig. 6) cart carries a kip concentrated 
~ toad at the center of span BC. 7 The left end, A, is fixed and the right end, _- 
3 hinged. The moment of inertia, I, 

iq ‘is ; taken as 15 and is included in - 

computations for illustrative purposes" 

although 1 the solution is independent of 


its value. ‘The e moments at points A, 
C, and Dare the required quantities. 


241 — 241 — 281 —24'—>| 


_ the elastic factors begin with the single ‘members / and ‘DE, 1 no no joint fixed 


_ Step (b).—To provide a starting point for the computations, assume » that aan 7 


points ] B and C are isolated elastic ‘supports, the elasticity of point B resulting 
- from the flexibility of member BA and that of point C from the flexibility of 


-member CDE The required elastic factors will be: first: For member 


BA, Eq. 3 gives = and, ‘member DE, Eq. 5 gives 


= ‘The elastic factor for member CDE is caleu- 
‘lated from Eq. ul which involves the elastic length Lep of member CD; thus 
(see Eq. cD = LDE = = 2 = 45.00; 


= 3X 15 X15 2.143 


The pare lengths, Lee and id Lox, needed i in step ( (d) 2 are are (see Eq. 8): Lec 


%43X15X 42. 00. The required car carry-over factors aré: Points 


A (Eq. 1), 0. 50; points C to (Eq. 7) = = 0.25; D to 


= 2X48 

E = 0 (as is known) because (see Eq. 7) Loz : =o pe 
‘The elastic length o of member DE is infinite since « = due the hinge. 


—tThe maximum ordinate of the moment diagram for the 4-kip 


‘concentrated load is —— ——— = 24ft-kips. Therefore, A = } X 24 X 24 


‘ 


ae 


= 65; 


4X45 X 42 — 24 X 24 


ats 


— 

ve 
ns 
by 
is 
ist | 
Ir. 
he | 
f 
ia — 
— 
| 
— 
.—l 
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pers 


t— M BC waa Mes for this problem are are tabulated and ne in Table 


— the sign notation as mentioned in “Part A: 6. Method of — 
‘TABLE 1.— AT THE SUPPORTS OF THE CONTINUOUS 


| cD pe | | 


7.423 7.423 1.856 | —1.856 


_ The same four-span continuous beam as in Example 1(a) (Fig. 6) carries a 


4 -kip load at the center of on BC and a load of 8 kips uniformly distributed 


—Compute the following values in addition to those bine’ found 


Example 1(a): : For member CBA, » Zona = “is 188 


‘Step @- (@—Find t end due the 8- kip uniform load. 


maximum ordinate of the moment-curve diagram (a second degree parabola) is 
= ——— — = 24 “ft. a ‘The area under a second degree parabola is 


equal to two. thirds of the area of the mien rectangle. “Therefore, 
4 = 3 X 24 X 24 = 384 and = 


Me 4X 48 44.57 — 24 X 24 / 
= 6 X 384 (2 X 44.57 X 12 — 24 X 


\4 X 48 X 44. 57 — 24 X 24 
Moments Msc and from Example 1@), and moments Mep Moc 
; in 1 this example, are tabulated and distributed in Table 2, the last og e of which 
gives the moments at the several joints, created by the two loadss 
a 


_ TABLE 2.—TABULATION AND DISTRIBUTION | OF Moments, EXaMPLe 1(b) 


q AB | BA | cD | D 
elasticity of — 7.423 | +10.392| —9.402} .... 
Joint distribution.... 8. 165 —10.392 | + 7.423 | +9.402 
x +2.969 | —2. +1.856 | —1.856 4 
—— 


Final moments —2. —5.196 | +5.196 17.815 +17.815 —7.546 +7.546; 0 


| 


_ © For member AB, 5.196 X 0.50 = 2. 598; for member B BA, 10. 392 X 0.286 = 2.969; need for member 


al 


Fir. 
— bea 
= 
—= are 
ED Ai 
‘the 
me 
‘ 
By 
for 
— 
— 
| 
| 
te 


S; A ‘rigid | frame (Fig. D car ries a 4-kip concentrated Ik load a at the center of the 7 ; 


beam AC. The moments at points A, and D are required. 

Step (b).— (b).—It be assumed that pointe A and C 

“are isolated elastic supports. The elasticity of joint 
Ais a function of the flexibility of member AB and 


_ the elasticity | of f joint C Ci is a function of the flexibility of 


member C CD. D. Eq. 3 yields for for ‘member AB, Z 


and, for Zev 


» 
elastic lengths (Eq. oe: ‘fe Ac 
24 + 33. 57. 755 


Fra. 
CAL FRAME. 


wilt 


fom member CAB, fen 
4 


“sal 


Lan = 
L+8EIZacv = I2+3x6 X 


. 
= 3 EI = 12 + 3 x 4 
_ The required cai carry-over factors are are: : By Eq. 1 nied to B = = 0.5 50 and 


points C to = 0. 50; ; and, by Eq. A to C=;—a = 208 and 


(d).—From Example 1(a), A= (288 = = wd 12. Then, 
» ‘16: Mac = \ 4X 87.75 46.50 — 24 X 24 
Mea \4 X 57.75 X 46.50 — 24 X 24 —" 
re tabulated ” distributed i in the first line of Table Oe . 
‘Step (g) —According to statics the shear equation 


Mas + Maa - + + Mog 


“should equal zero; but wed actual shear across members AB and i is 


777 — 3.888 + 5.865 + 2.932 —2868 


Mac = x 57.75 X 12 — 24 X 12 


April, 19 5 
4Kips 
4 
= _ 
a 
24+3 X15 X = 24 + 22.50 = 46.50. 
By Eq. 11: For member ACD—Zacp = = and, 
6.50) 
~ 
| 
ho 


42 


ea, { . and, therefore, as should F be expected, joints A and C1 Cc must 1 move laterally until 


* induced ‘moments prod e a shear» that v will counteract the effect of the 
ear A will be’ distance . A, which for convenience 
is taken as =, However, the direction of the 


- relative movement is ‘entirely arbitrary. 1 In: a like manner joint C will be 
TABLE 3.—TABULATION AND DIsTRIBUTION or Moments, Exampie 2 


Moments created of 267 +1.534| . 
Joint distribution. . ~ i534 


—0.319 | —0. 46.319 +0.160 

42. 427 | +1.853 —1.853 | —1.555 +1.778 


Moments created by the load, assuming = we J 
_ that sidesway is prevented (step (d))....| —3.888 | —7.777 ay —5.865 | +5.865 | +2.932 
Correction for sidesway (line 4 X 0.376)... | +0.914 | +0.698 +0.586 | +0. nod 


974 —7.079 | +7.079 | —6.451 | +6.451 +3. 602 


_ @ For members BA and DC, 0. 319 x 0.50 = 0.160; for member / AC, 1: 236 X 0.258 = 0.819 319; and, for 


: translated the same e distance to the right of point D. -The induced moments 


(see Eq. 17) are: 


at Maa 


\4X 12 X 17.60 — 12 x 


1.618 
‘These mom nts are tabulated and distributed ‘in Table 3(a). The sheat 


across members AB and CD due to these : ‘moments — 


$1,853 + 2.427 + 1.555 + 1.778 _ 7.613 
‘Step (i).—The correction ts: 868 7. 2. 868 = 0276. 


The sign of the shear f es step @) has been « changed to ) produce reverse bal- 


Apr 
the 

— 4 
a 
q 
ny. 

— by] 
— = 
| | 

i 

— 
— 
CE. 
— 
q | In 
are 
a 


Step @— 


the effect of joint translation. 


. A tegen | rigid frame is loaded as shown i in Fig. 8. The end moments 


of all members are required. — 


4 @ 24! =96) 
Fra. 8.—Four-Span Riaip 


Step (b) ry elastic lengths an factors are e found, first, 
by progressing from joint I to joint A and then from joint At to joint I. In the 


computations i in Table 4 it will be found convenient to express the elastic factor : 


‘TABLE 4.—CoMPUTATIONS FOR STEP (0), EXAMPLE 3 


orn 


4x 3. 


6) 


12.00 | 46/12 2.000 


3X15 X 34.67 

12.00 | 1/Zer | | 1.333 


in its reciprocal form, which i is the “stiffness factor.” ‘The arashtaainaeitial values 


| | 


= 
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intil ue: ) gives the final moments for the frame including = 3s 
the — 
ence 
the 

| 

d, for “¥ Feet | Symbol | Computation | Feet | Ea. eae 

a 
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we The following ¢ dastic lengths a re required for the sidesway ‘calculations and 
are based on stiffness factors in Table 4: For member DC, 


> 
' 


: = 14.65; and, for HG, 
= The carry-over veer tect are found by | Eq. 7; thus: From | point Atop point C, 
=03 347; from point C to point E, - = 0. 329; 


factors, from I to 0G, Gt to E to to, yand to A, are found by sym- 


Step (d).—The values of A, 24, ,and tp, for the 4-kip c concentrated load and 

‘the 8-kip uniform load, are taken from Examples 1(a) and 1(b). The end 

moments from each of these loads are computed by Eqs. 16a 16: 


6 X 288 (; 


86. 50 x 34.67 — 24 X 24, 
4 X 36.50 X 34.67 — 24) 
( 2X 34.67 x 12 — 
4 X 34.67 X 36.50 — 24 X 


= 


\4X 34.67 X 36.50 — 24 X24) 


facilitate the distribution of moments, the ae of the mem- 


oint 


—— 

— the j 
loads 
‘ carr} 
the 
joint 
Mee 
Tabl 
— 
A, C 
later 
ater 
— 
— 
) = 8734 
— 
— — 

— 
— — 


The end moment from any member is distributed to the other members at 

the joint in direct proportion to its ‘stiffness. ~The moments caused by the 
loads, tabulated in line 6, Table 5(b), are distributed first to the right (line 7) 
and then to to the left (line 8) by the proper stiffness and carry-over factors. 
Since the moments i in line 6 are the result of elastic s support action, there is sno 
- carry-over for Mec = — — 8.734 to joint C or for Mzg = — 11.645 to joint G, 

the moment M ne = -8: 734 being distributed to members EF and EG as 

+ 3.234 and + 5. 500, a respectively. ‘The part of + 5. 500 carried over to 

joint Gis + 1.903. This is combined with — 12.582 to produce a net moment 
ia = — 10. 679 which is distributed to members GH an and GI. 

Table 5(b), | gives the final moments for this. step. 

oi Step (g) —If the system is in equilibrium, the sum of the end moments for. 
the columns | should equal 1 kip X 12 ft or 12. 000 ft- kips. However, the actual 
be sum 1 of these moments listed in line 9, Table 5(b), is ba 0. 157, ering that ~_ 


iB 


TX 12 xX 23.90 12X12 


2X23900+12 
TX 12 X 23.90 — 12 X12) 


2 
XOX 12 x12, (2X 16.044+12 
12 X 16.04 — 12 X 12 


4X18 X 1465 13 


= 2.071 


2X12 + 


4X12 X 16.04 — 12 X 12 


“These moments are tabul 
end moments for the columns is 25. 20400 


€ —The shear correction factor 1S: 55904 470. 
Step (t).— Multiply the moments in line 5, Table 5(a), by 0.470 and tabulate — 


the re results in line 10, Table 5(6). The addition of lines 9 and 10 ) gives the final - 7 


‘Moments for the frame the effect of joint translation. veg. 


| 


d 
7 
fi 
— 
re 
— 
4 
# 
— 
J 


‘ i 


FRAME 


ome end mom of all members are required. word 


i 


Moments resulting from elasticity of | 


+3.219 +2. 536 | +1. 773 +42. .536 | +3. 219 
oint distribution 
Carry-over to the sight. . $0.1  +0.042 +0.052 +0.141 
Carry-over to the left. +0.042 1+0.158 | . 
Final moments. +1.857 |+2.746 |+3.360 
= Srar Na AND STEP 


= 
pports, for 4-kip and 8-kip loads. . 
Je istribution and carry-over 
J distribution and carry-over (1 t).. 

Final moments with no sidesway...... j : J —0.863 |+1.116 | 
Correction for sidesway (line 5 X 0. +1. ‘579 +1.579 | +1.043 


Final moments including sidesway. .. . .|-+2.1 |—0. +0.334 

[Step (a).— —To compute the elastic factors and 
“the ‘elastic. lengths for the several members it 
necessary to start with a a single member having a a 
fixed or hinged joint ‘at one end. = The idea of the 
“fixed joint” is now introduced for the purpose of 

_ establishing, temporarily, a joint of known rigidity. 
Joint B | is assumed to be temporarily ‘secured a against 


—Computations for step (0) are as shown 


in ad 6. sashes The e elastic and carry-over factors are as follows: 


0.500 


r ‘eae (c).— Eq. 1 ul is used to obtain a general e expression for the moments — L 
induced in the ends of the members framing into a joi 


— 
TRIBUT 
= 
— | 
~1.029 
hs —1,045 3.626 
10 
— 
— 
Fria. 
— 
CtoA.....5 X 46.50. 
0.195 
— — 


FRAME 


TRIBUTION oF Moments, EXAMPLE 3 


| 
+2.071 
1.042 
—0.226 40.684 142 | —0.218 |+0.104 | +0.115 
—0.218 +. 142 |+0.084 | 0.226 | +0.355 |+0.317 | —0.672 


42.491 0.905, | —0.905 +2.492 586 


[411.645 | —12.582 
+5. +1.727 


+17.145 —10.679 | +5.066 +5.613 | +1.727 | —1.727 
+0.806 | —0.403 | —0.425 |+1.171 | —0.746 | —1.043 | +1.043 


16.470 | -0.272 |-+16.742 |—11.104 |+6.237 | +4.867 


The “fixed joint” B is rotated unit amount the followin 


ng 
Py which are assumed positive for convenience: M pa = 1. 755 and 
BD = 1. 688. The moment Mesa (= 1.755) is tabulated and distributed i in 
tine 1, Table 7(a), assuming that member BD is secured against rotation during 
the operation; Mzp ap = 1; 688 is tabulated and distributed in line 2; and line 3 
contains the final moments for this step. 
The external moment ; required to rotate joint B a unit ‘amount is s found — 
as Let Mz be the external moment. Mz p+ Mpa + BD = = 0; 
and Mp (Mpa + = — (1. 738 + 1 671) 3. 409. The quan- 
tity Mz is required for the calculation of the rotation correction factor of _ 


‘Step (d) ).—From Example 1(a), A = 288 and 24 = = =12. Then 


6 288 X 61.50 X 12 — 24 X 


4X 61. 30 X 46.50 — 24 X 24/ 


6 X 288 ( _2 X 46.50 X 12 — 24 X 12 


_ Moments M Ac and J Me cA are tabulated and distributed i in line 10, Table 10. : 


rotated a unit amount. If is equal to unity, Eq. 11 becomes: 
Ta 
wen 
M1020] 1938; .... | 2 
L | -0.672 | +0.317 0.281 |+0.281; 3 
+0.115 | +0.103 | = 
—2.219 | 42.219 5 
_ — 
# -3.626 | —3.273 | —2.538 | —7.333 | 
~3,626 | —3.273 | +6.898 | —16.067 | 
-0.745 |+1.171 | 0.425 | —0.403 10 
| -4.371 | -2.102 |+6.473 +0.684 | —0.684 . 
and 
is 4 
5 
the 
ty. 
wh 
AN 
00 
— 
95 
— 
-§ the computations for step (d), is equal but opposite in sign to the sum of the | ft a 


internal moments, Mpa Map in line 1 10, Table This external moment 
is — (- 3. 937 — 0. 914) = + 4.851; : and, to release the joint, an. additional bi " 
moment of — 4.851 is also at joint B. The rotation correction 

f) —To find the moments in the members ¢ due to the external moment 


— 4.852 applied at joint B, multiply the moments i in line ‘Table 7 (a), by 
1.423 and enter the ‘product in line 11, Table 7(c). 


), 
); 


gives the final moments if ‘sidesway i is prevented. = ‘Line 
TABLE 6.—CoMPUTATIONS FOR (6), EXAMPLE 


“ts 


_ 24 46.50 —6 
46.50 


94 58.85 — mas —¢) 
(2852) | ti 

| 2066 | zea 10 

For equilibrium the sum of | the e end ‘moments for members 4 2B 
CD should equal 12 X 0 or 0: since there are no lateral loads. The actual 
PY gum of these moments from line 12, Table 7(c), is — 1.872, showing that an - 
additional + 1.872 must be furnished by the lateral movement of joints A a 
aq ad and C relative to joints B and D. = For the purpose of finding the lateral defor- 4a 
mation required for equilibrium, joints A and Cc are e translated a con‘ a convenient 
A= = 12/E E laterally to the right. The induced moments are: re: 
XK 12 K 20.66 — 12 X 12 

4X 12 X 20.66 — 12 

4X 18 X 17.57 12 X fin 

18 ‘17.57 —12 X12) 


a 
 AB.......) DaB | j§.--- | 1200 | Zap, 
a 
| 
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"These moments are entered in —_ 4 and distributed in lines 5 and 6, Table 7(0), 


“assuming joint B i is fixed against rotation. _ Line 7 gives the moments before 

- releasing joint B. The releasing moment is + 1.843 or 2. 397 — 0.554. The _ 

rotation correction factor is ——— - 0. 541. 


— 3.409 ° 


‘TABLE 7.—TABULATION AND oF Moments, EXAMPLE 4 


ap | ac ca | CD D | po | BD 


Rotation of member BA only. . +0.509) —0.509| —0.099} +-0.099) +-0.033) —0.033 0. 017 
Rotation of member BD J —0.033) -0.033 128) —0.376| +-0.376 688 


Moments caused by the elas-} 
_ ticity of the supports, assum- an a 
ing joint B fixed against ro- om 
0.298 +0.298) +0. 099| =i. 108 
—1.027| .... | 

fixed against rotation +1.793) —1. 325 +1.325| +1.108] —1.108 

Moments after of Joint 

 B(ine3 X 0.5 —0.939] —0.257 t —0.016 +0.016) +0.185 


Final resulting from 


translation . 


—7.874| +-7.874) —5.488) +5.488 +1.829 
+0.678| —0.678| +-0.041 a —0.041 


sway.. 196 196 447 +5. 447 J —1.341| +1. 464 
Correction sidesway (line| | 
X +:0.333).. +0.5: 511 511 0. 446] +0.4 446 
moments . —6.685) +6.685 5. 893] +5.893 


Mattipty moments in line 3 3, Table 7(a), by 0.541 enter the prod- 
' Bic in line 8, Table 7(b). Line 9 gives the moments due to the lateral displace- 3 


‘ment of 12/E including the e effect of releasing joint B. = 


Step (h).—The sum of the end moments for members AB CD, from line 
Table 7(b), is + 5.628. The shear correction factor i +) 0.333. 
=" Step (i).—Multiply the moment in line 9, Table 7(6), by. + 0.333 and tabu- 
- late the result i in line 13, Table 7(c). 1 _ The addition of lines 12 2 and 13 gives the Pas, 
final moments for the frame including the effect of joint t translation 


i 
nt 
al 
yn 
nt 
| 
| 
ii 
.| +1.458) —1.536) —1.341) +1.341 | +1.293) —1.293) —1.458 
— 11) Joint B released (line 3 X 78 
an 
Ag 
= 
nt 


A double-panel, truss is loaded as as in ig. 


4 Kips 


First Panel Second Panel 


Joint B is assumed to be against rotation. 


TABLE 8.—ComPurations FOR Srer EXAMPLE 5 


rf 


xi zat 3 X15 35.04 

3x97 
37.99 


25.50 —3 

3x15 
| 41.65 — 6 


3X6/ 
\ i622 —3 


34.74 


BD Lap | 4+ | 53. | 


a4 


p (b).—In Table 8, the detailed computations are 


- 


— 
— D to 
— 
Ato 
Step (a).— follo 
— men 
— 2.572 
and 
ia 
Ts 
— 
du 
ent 
T 
fa 
24 


> 
@ 


| 
X 25.50 


—The “fixed ‘joint? B is ‘rotated a unit amount the 


moments: Mar = 1.781, Mga = 1.840, and Map = = 1.688. 


moments are tabulated and distributed in Table 9(a). In line 1, the moment 


due to the rotation of member I BAi is distributed as far as members AE and AC. - - i 


In line 2 the moment due to the rotation of member BF is distributed to 


member AC w where it is combined with that due to the rotation of BA. The 


Tesultant moment is then distributed on the remainder | of the line. ye similar = 
condition exists in line 3 where the distribution is begun with the rotation 7 


member B BD. | The = moments for this step are given in line 4, Table 9(a) 
aw external 1 moment Mz is equal to — (1.767 + 1. 816 + 1. ‘- =— 5. 259. 
Step (d) —From Example 1(a) A = 288 and #4 = =fc¢= 


61.50 X 34.74 — 24 XDA 


34.74 «12 — 24x12 


EX 61.50 X 34.74 — 24 X 24) 


These moments are tabulated and distributed i in iin 17, Table 91a). 
“Step (e) —The external moment necessary 
to release joint B is the sum of ‘the internal 


moments at ¢ point B which are listed in line 17, te ; 

Table 9(d). This releasing moment is — — 3.573. 


Step (f) —Multiply the in line 4, 
Table ‘by + 0.679 to obtain the moments 

to — 3.573 applied externally at point Band Fre. 11.—Frex-Bopy Dracram, 


enter the: producti in line 18, Table 9(d). Line19, 


the final-:moments if vertical shear deformation i is prevented. 


{ 

= 

733; 

9300 

— 
inl 

a members EA and FB should equal 1 kip X 24 ft for equilibrium, but the actual oe | Ae 


sum from line 19, Table 9(a), i is — 6.428. ie the second panel the sum of the 
- end moments for members AC and BD should equal — in -1kip X 24 ft, but the 
actual sum is 


‘The atta of the statement that the sum of the moments should be — 24 is 


‘TABLE 9.— —TABULATION AND Di 


Description 


‘ 
Member BA.......... 


Members BF and 4-2 781 40.863 | | | 


Members BD and BA... —0.0 —0.025 |+0.025 |+0.107 | —0.107 
+1.767 | +0.538 | —0.538 —0. +0. 


+2.344 41.688 +1.609 
| 2.688 |—0.493 +0425 
+0.189 |+0.379 | —0.379° | —1.609 
=4 8 Translation; joint B fixed against rotation! 


+1.856 |+1.861 | —1.861 | —2.019 2.000 


12 | Distribution of moments, to the | 


13 | Distribution of moments, to the +0. aia +0.664 |—0.064 | | 40371 

14 | Translation; joint B fixed against rotation®..............|+0.032 |+0.064 |—0.064 | —0.271 |+0.271 

15 Joint B released* (ine +0.598 |+0.182 |—0.182 | —0.011 |+0.011 
Final moments, translation of member + +] 40.630 | +0.246 |—0.246 | —0.282 | +0.282 

17 | Moments created Goint ~0.380 +0.380 41.617 -1.617 


—0.365 | —0.023 | +0.023 


—> 


18 | Joint B released¢ 4X +0.679)...... 
+0.015 | +1.594 | —1.504 


19 | Final moments, vertical movement prevented. . 


20 | Member EF* (line 10 X +2.980)............. +5. —5.545 | —6.018 | +6.018 
- 21 | Member CDs (line 16 X +3.555)..... —0.873 | —1.003 | +1.003 


* Moments resulting from the elasticity of supports. _ > Final moments resulting from translation, assuming 
d al B fixed against rotation and vertical movement. fe: Correction for the translation of the member indicated. 


= as follows: Fig. 11 ‘of members AC and BD. 


: q ex a Since they do not enter into the computations, the direct stresses are omitted. 


In Fig. 11, Va Mac + Mca + Mops 


— 


— 


: 
— 
= 
— 
BF | FB | FE | EF | 
— +00 
— -0.0: 
— — 
or ME 
— “418 
40.1 
$2.1 
— or Mz 
a 
+69 
—+0.9 
an 
— | 
i 
| +63 
that jo 


The sum of the shears V4 -Vp is equal to 1 from the first panel and | 


therefore: — 2 = 1; and Mac + Mca + Map 


TRIBUTION OF Moments, 5 


+0.048 | 0.024 | 6.070 | +0.070 | +6. —0.023 70.012 | 
0.021 | —0.024 | 40.045 | 40.131 | —0.131 | —0.377 | 40.377 11688 | —0.012 


0.323 +0.633 | -0.310 0.061 =0.061 —0.354 | +0.354 | 


 +1.981 | —0.972 | —1.009 —0. 197 | 40.197 | +0.065 | —0.065 | —0.033 | —0.486 
$2.00 40.124 | 0.243 | +0.119 | —0.024 | +0.024 | +0.136 | —0.136 | —0.641 | —0.696 
+. 105 =1.215 0.890 —0.221 0.221 +0.201 | —0.201 674 182 
+0.938 £6. 857 | —0.136 | —0.302 | +0.392 | +1131 | .... | +0.428 | 13 


40.271 +0.938 +0.857 | —1.796 —1.448 | +1.448 +1.483 | —1.483 | —2.242 | +0.428 14 7 - 
+0.011 0.109 +0.214 | —0.105 +0.021 021 —0.120 | +0.120 | +0.569 | +0.615 
+0.282 


+0.829 | +1.071 —1.427_ +1.363 1.363 —1.673 | +1.043 | 16 


ar: 
| —5.123- +10.733 | —4.930 +4930 +1.643 | —1.643 | —0.822 | —2.561 | 
0.023 | +0.430 | —0.211 | 40.042 | 0.042 | —0.240 | +0.240 | +1.139 | +1.234 
75829 | 4.693 | +10.522 | —4.888 | +4888 | +1.403 | —1.403 | +0.317 | —1.327 2B 
{8271 | —3618 | —2.653 | 0.657 | +0.657 | +0.599 | —0.509 | —2.011 | —3.521 
+1003 7248 | +3.809 | —6.757 | —5.074 | +5.074 | +4.845 | —4.845 | —5.950 | +3.710 | 21 
| —4.502 | +1.112 | -10.619 | +10.619 | +6.847 | —6.847 | —7.644 | —1.138 | 22 


that joint B is fixed against rotation. * Moments after releasing joint B. Mements by load, assuming 


4 


ee. Since t the frame is not in ‘equilibrium vertically, deformation sufficient to 
«Satisfy the shear requirements must take place across each panel. To compute 
these deformations, first translate member EF a convenient distance A= = 


Vertically upward relative to member AB. The are: 


— 
1S om 
= 
81 
— 
— 
— 
& 
ong 
ndicated. — 
= — 
q 
D. 


15 x my 35.04 + ca) 

24 X 35.04 X 41.65 — 24 X 24 

= 8X15 X 24 

— = ah 4 X 35.04 X 41.65 — 24 X 24 

2x 24. 00 42 24 
PB 24 #£\4X 24.00 X 37.99 — x 24 


24 X 24.00 X 37.99 — 24X24) 


_ The rotation correction factor is. 383. Multiply the mo- 


ments in line 4, Table 9(a), by —0. 383 and tabulate the product in line 9, 
- Table 9(b). L Line 10 yields the moments due to the translation of member EF 
including the effect of releasing the joint. 
ae Next, to compute the deformations, translate member CD a convenient 
distance A= (24/E vertically upward relative to member AB. mes induced 


+24 
GETEX 61.50 — 24 X 24 


= X12 X24 24 ( 2400424 
24 \4 X 24.00 X 53.76 — 24X24 


_6x 12 X53.76+24 2.066 
24 =\4 XK 24.00 53.76 — 24 X 24 
These moments are entered in line 11 and distributed in lines 12 and 13, Table 
9c). Line 14 gives the moments before releasing joint The 
is Ther rotation correction factor i is - -1. 5. 259 =+ 0. 330. 


= panel) for the first panel; - and let Y be the shear soni! factor Sea 
‘ - deformation across the panel) for the second panel. The sum of the end 
from the tables for the following members i 


rotati 


xpers 
Fron 
“pane 
and, 
Solvi 
bs 
— 
— 
— 
— 
60 
‘ lengt 
— B to 
Ct 
Tale 9(c). Line 16 gives the moments — 
i ing the effect of releasing the joint. 
member CD including the effec leas C to 
— 
— Eto 
— BF to 
— 


ANALYSIS 
> 


18 841 X + 1.987 6.428 = 24. 00. 


and, for the. second panel— 


— 1.987 x - 6. 5.864 4. = — 24.0 00 
Step (2) the in 1 line 10, Table 9(b), by + 2.980 and 
those in line 16, ‘Table 9(c), by + 3.555. 7 Tabulate the results in lines 20 and : 


21, Table 9(d).. The addition of lines 19, 20, a and 21 1 gives = final moments 


Ve 
EXAMPLE 6 


— open- truss is loaded as in Fig ‘Fig. 
moments: of all members, are required. 


Total 


Second Panel |™ Third Panel ~ Fourth Panel |™ 


= 


7 
12.—Four-Panzt Taues 
).—Joints D and H are ‘assumed to be temporarily secured against a 


a6. 78 Siw a 


Step Computations for step (b) are arranged i in Table 10, the « elastic 
lengths and stiffness factors for JH through DB, HG, and HF ‘being determined 


by ‘symmetry. The carry-over | factors ra are: 


Computation 


235, ten - | 

34.612 


jew. 


E 

00... 4 x 34.738 

to 


4.647 


| 


q 


ollows: For the first 4 
| 
vigil 
— 
> 
12. The end 
my 
| 
| 
— 
‘able Bto D.... 0.500 0.326 
duct, 
yn of to 
nl 


Pape 


TABLE 10.—Comrvrations ror 6), B 


“Computation nbol Computation 


25.500 \ 
3 3 X15 41.647 
41.647 — 6 


4X6 
2. 1906 + 2.0000 24 34.738 — ¢ 


= 
4X12 12 


3x4 15.000 _ 
T2500 2.665 | 36-797 | \36.707 


2.2682 


af 


12 + 371906 + 2.2408 16.062 —3 


* 


1.2576 +- 2.0000 


~ 
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es Step (c) —The “fixed j joint” D is rotated a unit amount producing the — 


following moments: = 1. Mpc = 1.8445, ‘and Mpr = 1.8098. These 


11.—MomeEnts| Unit Jot 
Steps (c), AND (9); EXAMPLE 


3B BA BD | DB SS. D 

-Totation of of: 


(6) Unit or J jour H 


| 
Member DC 


+0.0231| —0.0231| —0.0115 +1.8445| —0.0040| —0.0081|+0.0162 

Member DF +0.0006| —0.0006| —0.0003] —0.0040/ +1.8098]+0.6196| —0.2392| — 

Member DB —0.5626|+0.5626| +1.7813| —0.0115| —0.0003| —0.0006) +-0.0012 


—(Continued) 


| pr | po | op | 


—0.0060 | —0.0005 | —0.0009 | +0.0009 | +0.0982 : —0.3406 | +0.6890 
—9.0040 | —0.0003 | —0.0006 | +0.0006 | +0.0026 5 


—0.0089 | —0.0080 
—0.0005| 0 | —0.0001 | +0.0001 | —0.1412 | +0.1412 | +0.0490 | —0.0231 


0.3005 | +0.6579 


0.0105 | —0.0008 | —0.0016 | +0.0016 | —0.0404 +0.0404 


TABLE 11—(Continued) 
Unit Roration or Jornt D 


0.3484 | —0.1136 | +0.0404 | +0.0732 . —0.0121 | —0.0132 
+0.0169 | +0.0490 | —0.0980 | +0.0490 


| —0.0259 | —0.0084 | +0.0030 | +0.0054 


ne 
| 
a 
c | pr | rp | | 
2 
— 
—- 
aq 
— 
98 
— 
0.0038 | +0.0038 
—0.0026 +0.0026 
| +-0.0019 | —0.0009 | —0.0010 | —0.0003 | +0.0003 
4 | -0.3574 | —0.0730 | —0.0546 | 40.1276 | +0.0441 | —0.0210 | —0.0231 | —0.0067 


— 


Bas be Rotation of Joint D.” Joint H is assumed fixed against rotation during this : 


a Paki Next the “fixed joint” H is rotated a unit amount producing the following 

moments: Muy = 1. 7813, Mua = = 1 8445, and Mur = 1.8098. From sym- 
a : _— metry it is evident that the values given in Table 11 under “‘(b) Unit Rotation 


of Joint H” are the result of distributing these moments throughout t the frame. 


The final moments for this s step are given in line 4, ,Table1l. To compute the 
moments Mp and My resulting from a unit rotation of joints D and 


6 


roceed as in Table 12. 


‘TABLE 12.— ComPuration oF EXTERNAL Moments, Strep Ex AMPL 


= (1.7695 + 1.8290 + 1.8055) 4040 
(0.1945 — 0.0105 — 0.0008) 2058 


(d).— —The values of A and 2 for the 4-kip concentrated load and the 
kip uniform load are taken from Examples 1(a) and 166). Then: 


86.797 X 12 — 24 X 12 as. 
 .6X288/ 2X 34.788 X12 — 24x ~ 
24 4 X 36.797 X 34. 738° — 24 X 24 
x 2 X 34.738 X 12 — 24 X 
"(2 X 34.738 X 36.797 — 24 X 24 


notes. 24 \4 X 34.738 X 36.797 — 24 X 24 


that joints D and H are fixed against rotation that 
of all joints is that — 4.105 listed in line 


‘tiated to EF. “ine 17 gives the moments belore joints 
Step —The external moment n to release joints D and Hi is the 


13(c); thus: The e releasing moment t for D = — 0.122 — 1.640 =— 659; 
the. releasing moment for H = + 0. 103 2.545 + 0.189 = + 2. 836. 


Xz be the rotation factor joint D, or that joint 
-Dmust st rotate to release both th joints, assumed fixed d during the load | computations 
for step (d); and let. be a similar rotation correction factor for joint H. 


i 
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4 Description 
| 


Moments (elas 
ticity of sup- 


BD 


BA DB 


Pp 
Distribution 
the right. . 
Distribution to 
the left 


joints Dand ie 

0680 +420 0680 495 5340 

= & 


1.0246) +0. 0492| 


= 


| 1.0246 


+0.0492 


4733) —0.0123 —0.0246 

—0.6939] —0.6850 
0001) +0.0017 


>, 
+0.0842 40. 1467 
= 0019} —0.0052 


—0.2318 

+0.0033 

Final moments, 

translation of 

B. —1.8635 +1. 8635 +1. 8627 


+2.4294 +18 


Moments (elas- 
ticity of sup- 
ports)¢ 
Distribution of | 
EC to EG and | 
EF; and EF to 
_joints D and H 


+0.0659 +0. 1318 —0.2636) +0. 1318 


- 


-0. = 4741 


= D and H 


—0.0704 0.0852 


1968} —0.6461 


—0.0010} 0 


0.2682) 0.6813] 


| 
+0.0704 


+0.1968 
Joint H.. +0.0010 


Final moments, 


-+0.2682 


we 


+2.4953 +1 9009 


0.6678} —0. ous —0. 
—0. —0.0121| —0.0242 


0.9612 
+0.0810 
—0.0138 


oat A741 


1426] +1.8239 +i. 7433 


9140) 


8293 


Sreps (d), (e), (/), (h), anv (i) 


0.410 


moments®. . 
Distribution 


Final moments; 
joints D and H 
fixede 

After releasing 
joint D 

After releasing 


0.244 
+0.155 | 

+0.001 
—0.088 


640 


+0. 526 


Final moments; 
no vertical | 
movement..... 
Shear Correction 
forthe: 
2 First ~41, 118 |+41.118 
Second panel] +4.188 | —4.188 
24 


3 Third panel.| +0.527 | —0.527 


Fourth panel) —0.164 | +0.164 


25 Final —36. 470 +36. 479 


+28.653 | —4.693 


“Moments resulting from the elasticity of supports. + Final moments resulting from translation, _ 


+29.927 


joints D and H to be fixed against rotation. Final moments resulting from applied load, 
_ Suming joints D and H fixed against rotation and all joints fixed against vertical movement. | 


5 
1s TABLE — = 
| —0.3801] +-0.3801} +40. 
6 
- 
| +0.1353| +0.1178 
= Ay 
= 
u —1.0094 
Dy 46.244 | —6.244 | —0.122 | —i.640 | | +0.205° 
is 0.103 | +0.205 | -0.410 | 40.205 
+0.005 | +0.100 | +0.200 | +0.114 | 4 
+0.387 | -1.100 | +0.722 | +0.581 | -0.360| -o221 
_On 3. —5.583 | +2: . 
+41.099 | —25.751 | —15.348 —-12.950 
—10.640 | —17.843 | +28.483 | -19.568 
40.304 | 40.782 | | “2877 | "3303 | 
+0.394 | +0.732 | —1.12 
3 
— 


—0.0123 | 0027 | +0.0027 4237 | +0.4237 | +0.1469 0.9467 
0123} —O0. ois4 0.6618 6027 +40. 6027 —2.0393 | +2. 42. 9467 5 
+0.0738 | +0.0040| +0.0003 | +0.0006| —0.0006| +0.0154| —0.0154| +0.1140] —0.2496. ‘ 6 
—0.0154 | —0.0156;} —0.0151 | —0.0046} +0.0046 | —0.0001 |} +0.0001 |} +0.0002| +0.0002 7 


0300 — 0.006; 0067 —2.0240 | +2.0240 +2. 1213 .1961 


40.0064 | +0.0128| —0.0i28 +0.2992 | —0.2992 | —1.0385 
+0.0064 | +0.0128| —0.0128| +0.2992 | —0.2992 | —1.0385| —0.9482 
+0.0003 | +0.0006 | —0.0006 | +0.0148 | —0.0148 | +1.1097 | —0.2402 _ OB 
+0. : +0.1103 | +0.0336 | —0.0336 | +0.0004 | —0.0004 | —0.0014 | —0.0013 i4 
0.3212 | +0.2042 | +0.1170 | +0.0470| —0.0470 | +0.3144 | —0.3144 | —0.9302 =1. 1897 
ND 
c ‘Sreps da), (e), ¢ h AND Continued 
(©) Sars (d), (@), (A, (h), anv ( 
40.103 | 4+2.545 | +0.189 | +0.378 -0. 378 | +1.035 | -1.635 | —3.593 | —3.280 
40.103 | +2.545 | +0.189 | +0.378 —0. 41.035 | —1.035 | —3.593 | —3/280 18 
—0.056 | -0.003 | oO | oO |. —0.012 | +0.012 | —0.086 | +0.189 19 
—0.928 | —0.940 | —0.910 | —0.277 +0. =0.003 | +0.003 | +0.012 | +0.011 
—0.881 | +1.602 | —0.721 | +0.101 | —0.101 | +1.020 | —1.020 | —3.667 | —3.080 ‘ al 
+1.017 | —0.661 | —0.356 | —0.148 | +0.148 |—44.654 |+44.654 |+46.805 |—26.391. 22 
| =5.015 | +3.189 | +1.826 | +0.734 | —0.734 | +4.911 | —4.911 |—14.527 |—18.579 (8B 
—20.473 |+12.825 | +7.648 | +3.010 | —3. ad +0.668 | —0.668 | —2.009 | —2.486 t 4 


+16.989 |+28.505 |—45.494 |—45.515 |+45.515 —0.230 +0.230 +0.707 +0.839 


—8.363 |+45.460 | —37.097 | —41.818 —38.285 |+38.285 |+27.309 | —49.697 


+ 


Solving simultaneously: Xz, = 0.288 and = — 

(f).—Multiply the moments in line 4, Table 1 ai, 0. 288 and enter 
‘the product i in line 18, Table 13(c), under the same moment subscripts as those 
given ‘under ‘ (a) Unit Rotation of Joint in Table Next ‘multiply the 
- moments in Sap 4, Table 11, by — 0.514 and enter the result in line 19, Table 


13(c), under the same moment subscripts as those given under “‘(6) Unit Rota- The 
tion of Joint H”’ in in Table 11. Line 20, Table gives the final moments if 
deformation due to vertical shear ris prevented. q sive 
“Step —T 0 ‘compute the 1 required ‘shear translate ‘member ‘for 
AB a distance A = 24/E vertically upward with respect to CD. The induced 


: 


— 
7 
| 
| 
— 
— 
xz 


CE 
i* 


| GE | 


—1.0604 
+0.1356 | 
—0.0004 
9252 


— 


3458 
70. -0011 
-0. 1.3192 


+1.9359 | 


+0.0508 


+1.9867 
+0.1305 
+0.0027 


1199 


«| 49.444 
—2.571 
46.873 
| 103 
0.023 
+6.747 
—20.414 
+33.106 

+4. 495 


+22.388 


Steps (g) AND (Continued) 


40. 
-+0.0207 


+0. 2229 
—0.0484 


—+0.0005 | +0.0006 
+0.1751 


0368 
—0.0368 
+0.0080 
—0.0056 
—0.0344 


6592 
= 2940 
—0.9532 
—+0.0200 


=—0.0034 | 


0.9366 


—1.1951 
+0.1470 
—1.0481 
—0.0466 
—0.0046 
—1.0993 


3621 
—0.3621 
—0.0161 
—0.0223 
—0.4005 


+0.1728 
+0.1728 
+0.0077 
+0.0410 
+0.2215 


0.0402 | - 


“il 0402 
+0.0087 
+0.0026 
0. 0289 


+0.1893 
+0.1893 
+0.0084 
—0.0187 


+0.1790 | 


—8.660 
7.442 
—16.102 
=0.021 
0.066 
—16.189 
=7.043 
+31.792 
+12.339 
—4.276 
+16.623 


105 
+3.078 


+11. 547 


| +5.582 


+17.129 
+0.037 
+0.038 
+17.204 
+3.862 
—17.167 
—22.851 
+7.797 


468 | —11.155 


6X 15 24 15 x 24 


—12.592 
+1.928 

—10.664 
+0.013 
+0.184 

—10.467 | 
+1.397 


6} +0. 0116 


—0.0545 
0024 


+5.090 
—0.006 
—0.338 
44.746 
—0.759 
43.458 
+13.354 
429.213 
+50.012 


574 
+5.574 

—0.007 
+0.154 
+5.721 | 
—0.638 


+1, 


+2.796 | - 


+10.441 
—51.810 


—33. 3.490 


EX SIE X ALOT 


15 X 24 


ZX 24.000 X 37. 992 — 24 X 24 

12 24 2X 37.992 + 24 


4X 24.000 X 37.992 — 24 X 5): 2.3440 


2 X 41.647 + 24 


These “moments are entered in ‘ne Land distributed i in lines 2 and 3, Table 


bs ), assuming joints D and H fixed against rotation. Me-wh 4, Table ment 


10 
+0.0080 | +0.0594 | —0.0504 
—1.027 —0.002 | +0.002 
0.016 | 0.021 
—6.254 "530 | —3.530_ 
= +10.512 | | 4-49.42 
163522 | — - i 
e 
if 
— 


: and, cimilariy, for joint H the re releasing iene is — 0. 0123. — 0. 0184 — 0.0014 
If Xn and Yn are the correction factors. for joints D and H, respectively, 
equations can be written: Let Xr: equal the rotation correction factor for 
and equal the the correction factor for joint For joint D— 


= 5.4040 0.2058 Yr: = | 


+02 2058 Xn — 5.4040 = 
Solving Eqs. 30, Xn = =- - 0. 3794 and Yn 0. 


a tee 5, Table 13(a), under the same moment subserints as those given under 

‘Unit Rotation of Joint D,” in Table 11. Next multiply the moments i 
ol line 4 4, Table ll, by — 0.0085 and tabulate i in line 6, Table 13(a), under the 
game same moment subscripts a: as those ¢ given en under “(b) Unit Rotation of Joint a,” ” 
4 in Table 11. 7 Line 7, Table 13(a), gives the moments due to the translation of ‘ 
AB, including the effect of releasing joints D and H Reese a 
as “CD is translated a distance A = = 24/E vertically upward relative - 

© 


x 36.797 X 34.738 — 24 X 


1.9359 
24 4X 36.797 X 34.798 


_6 6 x 12 x 24 X 35.051 
1 X 24.000 — 


avis 


35.051 X 24.000 — 24 x 24 


These moments : are written in line 8, and distributed i in lines 9 and 1 10, Table 
1306), assuming joints D and H fixed against rotation. Line 11 gives: the 


moments before releasing the joints DandH. 


The releasing moment, for joint D from line 11, Table 13(), is: — 1.0352 
—— 0.4741 + 2.4953 = : + 1.9860; and, similarly, for joint H: — -6. 5047 + 0. 0864 


0.0064 = — 0. 4119. Xr2 and Yr2 be the rotation eosrestion factors for 


joints D D and reepeotively. . Then equations can be 2 written: For joint D— 


54000 Yo 


Solving Eqs. 31 simultaneously: Xr2 = — 0. 3651 and =+ 0.0623. 
al Multiply the moments in line 4, Table 11, by — 0.3651 and tabulate in 
line ‘Table under r the same n as those given under 


bh 
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tu 
; 
— 
- 
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: q de "4 
| 4 q 
> 
and, for joint H- 


FRAME ANALYSIS 
Unit Rotation o of Joint D,” ‘in Table 1 11 1. Next multiply the moments i in 
line 4, , Table 11, by + 0.0623 fe tabulate in line 13, Table 13(b), under ce 
_ same moment subscripts as those given under (6) Unit Rotation of Joint H,” 
in Table 11. a Line 14, Table 13(6), gives es the moments due to the translation 
_ of CD including the effect of releasing joints D and H. a ss 


The final m moments due to the translation of GH a A= (24/E 


vertically downward relative to EF are g given in line 1, Table - :values A 


TABLE 14. Moments THe TR ‘TRANSLATION 0 oF 


Member 

| = | ar | rH | FE | FD. 
0.2682 | —0.2682 | —0.6813 | —1.1426 | +1.8239 | +1.7433 | —0.9140 | 0.8293 
1.8635 | +1.8635 | +1.8627 | —1.1671 | ~0,6056 | ~0.2531 | +0.1363 | +0.1178 


Member 


_ 


rai 
+0.2042 | +0.1170 | +0.0470 | —0.0470 0.3144 —0.3144 | —0.9302 = mal 


—0.0161 | —0.0067 | +0.0067 | —2.0240 | +-2.0240 | +2.1213 1.1961 


| | EF | Ec | ce | cp [| AC | AB 


.| +2.1199 | +2.0359 
—0. —0. 3192 


are obtained from li line 14, Table 136), as a result of the symmetry of : the frame. 


ae. ‘The final moments due to the translation of IJ a distance A = = 24/E relative 
to GH are givenin line 2,Table14. These values are from Table 13 (a) 


13(a) ‘TaBLE LE 13(6) ‘Taste 14 14 14 TABLE 13(c) | 


‘the 14  Linel Li Line 20 
—2.1941 | 40.4024 4.388 
"1931 | +7.7230 | —2. +0.4023 8.139 7 
+40. 2.6503 | +7.7230_ 2.1931 | +5.635 
=0.0611 +0.4024 | 2.1941 <4 +6.684 


‘Step (h).—Let W, X, Y,andZ represent the e shear correction factors for the w 
frst, second, third, and fourth panels, respectively. — Coefficients for the solu- a 
ion are assembled as sl s shown i in n Table 1 15 5 and a are e used fe for the construction © of . 


4 


ers 
er § — 
ly, 
for 
Da) 
0b) 
— 
NT F Jomvr D 
der DF 
of 
_ 
tive 
Line 
— 
—s 
— 
2 See +0.1441 | +0.1751 | +0.0633 | —0.0344 | —0.0289 | —0.0094 | +0.0094 ae 
— 
‘able — 
the — 
0352 
0864 AMPLE 
— 
(21h) Gland HJ....... 
(310) 
te in 
— 
under 


"FRAME, ANALYSIS. 


— 2.1941 X + 0.4024 Y — 0611 -4 388 = + 132. 000. (32a) 
2, 1931 w 7230 x-2 2.6503 + 0. Z- — 8.139 - 


0.4023 W — — 2.6503 X + 7.7230 Y — 2.1981 Z + 5.635 


and, for the fourth 


ee 0.0611 W + 0.4024 X — 2.1941 ¥ + 7.8715 Z + 6.684 = — 156.000. (32d) 
Solving Eqs. 28, 22.064; X = 15.617; Y = — 11.224; 


Step (2). —Multiply the in line 7, Table 13(a), by W = 22.064 and 
tabulate in line 21, Table 13(c). Multiply the moments in line 14, Table 13(b), 
by X = 15.617 and tabulate i in line 22, Table 13(c). Multiply the moments i in 
line 1, Table 14, by Y = = =— 11.224 and tabulate in line 23, Table 13(c). —Multi- 
_ ply the moments in line 2, Table 14, by Z = — 24. 423 and tabulate i in . line 24, 
Table 13(c). _ The addition « of lines 20 to 24, enn gives t the final moments 
_ including the effect of joint translation. — yee 


multiple story bent is loaded as shown in Fig 13. ‘The end 


moments of all members are required. 


‘Total Load =8 


© 15 
1 


Total Load= 
= AT 


—— 4 @ 24'=96! 
Fic. Story TRANSVERSE BENT 


(a) Joints V, W , X, Y, and Z are re assumed to be secured against 

‘Step (b) ——Compute_ the stiffness elastic lengths, and carry-over | 


4 
(c). —Rotate each of the “fixed joints” a unit amount. ‘Then tab abulate 


_ and distribute the induced moments for each ‘ “fixed joint” : ina 1 separate e table. 


— 
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FRAME ANALYSIS 


ru, SIS 
Because | three tables are necessary. Compute un- 
balanced moments at each of the “fixed joints” in each table. we Ca 
a. Step (d) -—Compute t! the end moments for the loaded members. ‘Tabulate 
and distribute these moments in a fourth table. 


Step (¢) —Compute the releasing moments for each of the “fixed joints” 


— 


i ‘shading moments, form dl solve the five simultaneous equations required a 
the computation of the rotation correction factors for for load. Seas 

= ‘Step (f)— —Tabulate the rotation correction moments in the table of step (d). - 7 
Step” —Translate each story laterally an amount A = = = 12/ E. 


wa 


the rotation of the five “fixed joints.’ However, it should be noted that the 4 

- coefficients | of the « corresponding unknowns for each set of equations a1 are identi- 

“al, the only « difference being in the constants. Therefore, the four sets “a 

"equations may be solved with only slightly more labor than that involved for — 

.set. Tabulate the rotation correction moments in the | proper story tables. 

= ‘Step (h)- —From the > final 1 moments resulting f from translation in in step (g) 

"shear correction equations are formed for the four stories. solution of 

| these four simultaneous equations gives the required shear correction factors. — 

| ‘i Step (t).—Tabulate the shear correction moments in the table of step (d). 

Pa final moments are found by sun summing up the effect of load, rotation, and 

1 


translation. Thus, the exact solution of the seventy-two unknown moments is 


equations to ‘compensate for. sidesway a and the other of five equations to correct 


” 


‘Semtions with two § sets of simultaneous equations. One set consists of four 


for the “fixed joints.” The latter set will have a column of constants for each - 


UMMARY 


method has been deve loped for analyzing continuous frames with pris- 
“matic members. | ‘The extension to members having a variable cross section 


may be made i in a manner ner similar to that used in previous publications.* y The 
method is particularly adapted to the solution of frames such as the Vierendeel 
truss. — ~The effect of flexible connections which i is considered i in in aircraft ft analysis ‘ 


el 
is ine uded i in the | paper. 


**Lateral Loads and Members of Variable Section,”’ Bulletin No. 66, Eng. Experiment Station, Ohio 
State University, ‘Columbus, Ohio, 1931. 
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‘FRICTION COEFFICIENTS IN A LARGE TUNNEL 


‘By G. H. HICKOX, M. _ ASCE, A. 


AND R. ELDER, * Ju 


See mele: to determine friction ond roughness coefficients for 
different: surfaces in the Apalachia Tunnel of the Tennessee Valley 


- thority are are ‘described i in this ‘paper. The sections tested were were an 18- ft steel 
a pipe ¢ coated with bituminous paint, an n 18- ft conerete-lined tunnel, and ant un- 

lined rock tunnel of 20- -ft and 22-ft nominal diameters. Discharges 


tests varied from 975 to 3, 210 cu ft per sec. 


in terms of fe and nin the Weisbach and Manning ec equations, respectively. ‘Also, 


- the s surfaces are described i in in detail and illustrated | so that their respective f fric- 


and roughness coefficients may be ‘applied to other si similar surfaces. 


Methods of reducing the data are described the results are presented 


‘The Apalachia Project of the Tennessee Valley Authority | was built pri- 
a ‘marily as & power project and has | been described by! H. W. Goodhue, Assoc. M. 


es ASCE, and R. L. Smart and A. A. Meyer, 4 Members, , ASCE. The: main struc- 


ures are a , comparatively | low ponding and diversion dam, a pressure conduit — 7 4 
‘approximately 8.3 miles long, a —_ tank, and a powerhouse containing two bys og 


Although the pressure conduit mainly of f a concrete-lined tunnel 
18 ft in diameter, it does have two fairly long reaches of unlined rock which a 
‘ have nominal diameters of 20 ft and 22 ft. Just below the dam there is a com- 

paratively short length of steel pipe 1 18 ft i in diameter. se several other places 


_ where sufficient cover for the | pressure tunnel is lacking, short lengths of steel 
= of 16-ft and 18-ft diameters are used. ee alinement is — straight, 


‘ hould be submitted by S b 947. ee 
cussion s ou e submitted by September 1, 1 

Senior Hydr. Engr., TVA Hydr. Laboratory, Norris, Tenn. i 
Hydr. Engr. Hydr. Laboratory, Bureau of Reclamation, Colo. 

Associate Hydr. Engr., TVA Hy dr. Norris, Tenn. 
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bends. In the 

is flat, the powerhouse. Fig. 1 
test reach, which is approximately | the upper two thirds of the conduit length. 
significant features, such as lengths, diameters, types of and aline-— 

Pissometers—During the construction n of the conduit seven of p piezom- 
eters were installed at the locations shown in Fig. 1 so that tests could g 4 
to determine the various s hydraulic losses. 
1m Each of these installations consisted of a ring of four piezometers spaced at 
90° intervals around the conduit and manifolded together so so that an a 
- pressure could be obtained. WwW here the manifold ring was ‘exposed, as on the 
= pipe at the dam, the piezometers : were provided with cutoff cocks so that — 

the manifold ring could be drained to prevent damage by freezing. — 

‘Fig. 1 shows that the piezometers. are so placed that friction loss measure- 

‘ments could be obtained on sections containing three types of conduit: 18- it 

: ‘steel pipe, 18-ft concrete- e-lined ‘tunnel, and unlined rock tunnel. It was also % 
Ee to measure the loss in one of the bends and in the transitions from the a 


OF Compute Surraces 


| 
The types of surfaces on friction were varied widely. 


‘eee a clear understanding of the characteristics of these surfaces is ner 
for intelligent | use of the data, they are described in some detail. 
Steel Pipe.—The various steel pipe sections wer were formed of plates to 


the proper curvature and butt welded. After the pipes were completed, 
inner surfaces were covered with | bituminous paint, applied hot with swabs. 
Each application of the swab covered an aren 
_ approximately 6 in. wide and 2 ft long and de- a 
posited a layer of bituminous material approxi- 
mately in. deep. The co cold steel cooled the 
paint so rapidly that the ‘resulting surface was 
quite irregular and included ridges and bumps 
to in. high. However, t the surface of the 
paint itself was glossy. Fig. 2 
interior of one of the steel pipes treated in this: is 
Between Stations 255+97.50 and 259+ 17.67 
the steel liner was not painted hot because of the 
of ventilation i in this section at the time of —Inrentor oF 
painting. Instead, the bituminous paint Coarzp Hor 


applied cold in a slightly diluted condition. 


- This F produced a a smoother su surface than that in 1 the other pipe a. 


An 80° invert, ution was poured first. ‘The surface of the invert, which was 


_ formed by a screed traveling along the nan of the longitudinal invert forms, = 


floated with steel floa floats ‘immediately after the screed had passed. The quality” A 


“of the concrete was s controlled very carefully s so that the best possible surface — 


| 
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‘TUNNEL 
would 1 result, In additi addition , concreting was carried on continuously 0) 
joint irregularities would occur in the section. 
- : ~The arch section was poured against a three-piece steel form, of which the 


top piece a ‘sector and ‘the two side pieces 95 Hinged at 


id 


each joint, these form. sections, om 5 ft long, could be collapsed and ond 
joints occurred every ft on the final surface. For convenience in erection, 


€ 


four form sections were kept bolted together as a unit during each change. 
ae There is no reason to believe that irregularities at the unit joints are larger 
Sian ony of the others, because the units were lined up by drift pins in the — 


manner as were ‘the ‘sections the ‘units. piece of each 


— 


sec 
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“ver 
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section was equipped with an 18-in. n. by 24-in. inspection door and two or three an 
2-in. grout pipe holes. _ Each of these left a slight irregularity on the surface, ‘on 
averaging probably not more than zy ‘in. high. Some 400 ) ft 0 of forms were 
| so that concrete e could be placed without resorting to trans-_ 
Pays the forms were removed, the surface was given ¢ a coat of curing com- 
pound. This compound disintegrates with time, however, ‘and was s probably _ 
bly 
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Center Line of 20-Ft 


Tunnel 


Line 
of Tunnel 
Center Line 
of Tunnel 


ine of 


oO 
> 
= 


20-Ft Diameter . 
Nominal 


off by the time the tests wer were ‘Fig. 3 shows the con- 


crete tunnel lining after the forms were removed and before the curing com- 


Unlined Rock Tunnel. —Unlined rock tunnel sections are of we ‘nominal 
diameters, but are otherwise similar. Headings were advanced by shooting 


drifts ‘ft long; and, although the nominal diameter was approximated 


beginning of each dei TABLE 1 oF UNuINED 


actual diameter gradually in- Rock Tunnen Sections 


creased away from the heading. 
| Di 


tock broke quite irregularly, as Nom| 1 Feet RabIvs, IN 


eter, 
inal | |  Fser nile 


minimum, and typical sections ete Maxi-| Mini-| Aver-| circle F 


4 

ft-diameter unlined ‘sections © | © | @ 


tre given in Fig: 5. However Be | | | 888 
ee 5 
the bottom of the t had r 


i Sections were measured so that the exact shape of the bottom 80° to 90° is un- © 
known. Areas a1 and perimeters have been determined by measuring the known 
part and assuming the remainder of the cross section to be similar. — Charac- - 


é stics of the u unlined sections are ‘summarized in Table 1 ie i 
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sme ‘The field observations saben at the same time as the turbine index 
tests, procedure was possible because types of tests ‘Tequired that 


in held constant for a sufficient length of denn to allow the on to become 


On 25, 1944, unit 1 was operated alone. Satisfactory Pressure 


operated identically with satisfactory. pressure 
measurements for each 5% gate position bet 
the 25% and 100% pe positions. 
anometer ‘Installations —At Apalachia Dan 
adit, two water-air differential manometers 
open U- tube mercury manometer were used, 
the last being attached to piezometer C and the © 
others to piezometers . A and B, and B and CG, re- © 


Apalachia a differential 
; sae and o one open U- tube mercury manom- 
_ eter were used. In this location the open mercury — 
"manometer was connected to piezometer E and 
the water-air differential manometer to ‘piezome- 
NoMETER (LEFT) AND WaATER- ‘At both Turtletown Creek adit McFar 
used. _ These manometers, constructed 3 in 
the shop of the hydraulic laboratory of the Tennessee Valley geal we 
"carefully calibrated, were made in two sections to facilitate pe amnnyng. 
the Apalachia Dam adit, the 
pressures were low enough so that the 
Sages ¢ could be installed nearly at 
nel level. % Fig. 6 shows this installa- _ 
tion, I It wil be noted that each ma- 
“4 pore connection was equipped v with 
a a blowoff cock so that the piezometer 
Hines could be flushed frequently. ve 
Maximum and minimum pressures 
at the other three locations were 
bs | great to allow the manometers to be ii 
installed at tunnel level. Therefore, 


HILLSIDE aT TURTLETOWN CREEK 
hillsides above the tunnel. Fig. 


_ which shows the location of the manometer at the Turtletown Creek adit, i - 
lustrates the difficulty encountered in | in finding suitable manometer sites at the 7 
a Silage elevations. Data from all manometers were tied together through the 


system esta established for the tunnel construction, 
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Hydraulic Grade Line Elevation, in Feet 
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nes used for most of these connections could have been a sone of <n —" 
“trouble due to differential temperature effects. ie _ Fortunately, however, the 

- tests were conducted on cloudy days and air temperatures. were within a few 
_ degrees of the water temperature. Thus, it was not necessary to correct for 

_ changes i in density of the water in the connecting lines. oo oie 
‘ -Observations.— -Because each of the four locations was entirely isolated from 

the of others and from the powerhouse, it was necessary to > take | readings at 1-min — 


intervals: continuously throughout the test period to insure a complete record. 


All observers’ watches were carefully compared at the beginning and end of 


P Plesometer F 


Hydraulic Grade Li 
Elevation, i in a 


0 40 12:00 
“Noon 


Fic. 8.—Hypravtic Grape Line FOR OPERATION OF 1, SHowiIna 


Sreapy PERIODS FOR Data WERE IN CaLcuLATIONS OF Heat Losses 


a electric clock at the At each location manometers 
were operated and read by an experienced m member of the a laboratory’ s 
we -Manometer readings were reduced to elevations of the p pressure grade line. 5. 


These elevations, as well as the differential pressures given by the water-air 4 


Hydraulic Grade Line Elevation, in Feet ‘- 
a. 


45% Gate 
Gate 


ny 


~ 


Steady Periods 
__| 65% Steady Periods, 


1200 

9:00 20 40 10:00 20 40 11:00 20 40 12:00 20 40 1:00 20 40 2:00 20 40/3:00 20 40 


differential manometers, are shown in Table 2. for the 
| test periods were taken from the chart of the headwater recording gage at the — 
and are also shown in Table 2. My gy 


Te records: for both days, shown as and have ‘numerous 
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TUNNEL (COEFFICIENTS: 
breaks in due to various causes. At some of the sites it was impossible 
to flush the lines in less than 1 min. “Therefore, a break occurred every time | 
_ this was done. On January 26, rain interfered | several times with the recording 
of measurements, as the data paper became so so o wet that a legible record co could 
not be kept. A long break oc occurred d in the ' Turtletown record on January 26 
, a because the top of the mercury column was behind the rubber hose e used to 
connect the,two 5-ft gage sections, 
‘Periods during which the turbine wicket gate positions were changed were 
marked as were also those during which | steady flow conditions existed ede 
~ the length of the tunnel. An immediate response in pressure throughout 
the tunnel to a change 1 in discharge was noted. 
All observations made on each manometer each steady flow Period 
win averaged to give single values, which were used for all further r computa-— 
tions. Table 2 summarizes these average values of the hydraulic g grade line 
elevations and the differential head losses. 
=a sai cidiiiaes for periods of steady flow in the river were based 


‘iain obtained at a a gaging | station below the powerhouse. ca These were don 
plemented by interpolating discharges based on differential pressures measured — 
on the turbine scroll cases, since steady river flow was only observed at two 
ee times during the test period due to the rapidity with which the tests were run. 
Steady flow conditions existed in the tunnel for an hour or or more at ‘gate: eran 
_ ings of 25% and 100% on January 26. These periods we were ere long enough 50 
- that flow in the river at the gaging station became stable, thus making it pos- | 
sible to determine the river discharges from the gage heights. _ Discharge mea- 
surements made at the station by the United States Geological Survey ° were 
carefully examined and 1 replotted to 0 give the best t rating curve f for the time ime of 
> _ River stages existing at the gaging station during the 25% and 100% -. 
openings were» found to indicate ‘Tiver discharges | of ,150 cu ft per sec and 
3,290 cu ft per sec, respectively. These discharges both the flow 
through the tunnel and the flow in the river above the powerhouse. The latter 
_ discharge was measured during the tests and found to be 84 cu ft per sec; but, 
as the1 river discharge can be determined only to the nearest 10 cu ft per sec, » the | 
ro net discharges through the turbines may be considered as 1,070 cu ft per sec 
and 3,210 cu ft per rsec. | It was not possible to determine other discharges from a 
= gaging st station records because no other test lasted 5 enough to allow | 
bis _ Discharges for the remaining gate « 


= 


openings on January 26 and for all tests 
on J anuary 25 were determined from scroll case differential pressures measured 
during the index tests. In addition to the differential pressures, the turbine 


vi gate openings were recorded in terms of the movement of the servomotor piston — 
q rae a that opens the gates. This movement was measured to the nearest 3; in in. and © 


Known ‘relationships between piston movement, gate opening, ‘discharge, 
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TABLE 2.— ELEVATIONS or Hypraviic Grape LINE A 
MEASURED Heap Losses 


ND 


Grave Linge Evevation (Feet ABOVE Eu. 1200) 4 Loss, IN Frer, 
Gate | Prmzomerers: Secrions: 

opening 


@ | | @ | 


Adite Apalachia Apalachia| McFar- 18-ft ft steel. 1 


77.65 | 76.96 | 75.85 0.076 | 0.120 
77.75 | 76.98 | 7559 | 7075 | 69.50 | 0.064 | 0.006 | 0.148 
7782 | 76.99 | 75.23 | 69.39 0.110 |: 177, 
‘7784 | 7680 | 74.77 | 6807 | 66.17 | 0. 0.128 | 0.211 
74.48 | 66.80 | 6464 | 0. 0.232 
‘7793 | 76.79 | 7407 | 6544 | 6304 | 0. 0. 0.260 
78.00 | 76.74 | 73.75 | 6415 6 3 | 0.183 | 0.287 
73.01 | 76.61 | 73.34 | 62.02 0312 


26 


76. 29 | 71.46 | 70.51 | 0.051 | 
‘| 76 | 


on 


65.13 0.108 
61.10 


% 0000 SID 
 POORRD 


29. 


gai 


* 


18.45 © 


(16.72 | 3. 
| 
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Names of adit where } piezometers were located ; or of section where loss was is measured. MALS 


= 


‘The ac actual gate opening depends or on the movement of the servomotor piston, 
In turn, the Glacharge varies with the gate opening, and the differential pressure 
ow the discharge. _ Thus, the differential pressure 8 should vary smoothly with 


= It is probable that the measurement’of piston travel is more accurate than — 


NNSA 


the 3 measurement of differential pressure. Accordingly, the differential pres-_ 
“sure for each gate opening | was taken from smooth curves drawn through the 
"points determined | by the observed relationship | between piston movement and 
differential pressure. Table 3 summarizes, for each gate opening on January 
5 and 26, the piston movement, the observed differential pressure, and the 
"adjusted value taken from the smoothed curve. 
ae 


known discharge of 3,210 cu ft per sec for both units 100% gate 

- Opening on January 26 was divided between the two units in proportion 2 4 
_ power outputs, eae index test ¢ data showed to | be 39, 790 kw and * 000 


rs 459 

26 

to 

h- 

— 

| 
4 
— 
~ 25.......| 7338 | 77.64 _ 0.088 
O 30.......) 7847 | 77.50 0.131 19 

69.32 | 48.61 | 0.251 0.411 

75. 78:70 | | fis 0.396 | 0.645 
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—Gare Positions, Pansevans, AND DISCHARGES 


Unit 2 _|Discharge,in Cubic 
Feet Per Second 


i ton| Pressure (In. | Piston Fc ia. 
charge of — move-| of Mercury) — U 
_| (cu ft _| ment 
served | justed : j | served | justed 


| @ | | | ao 


1.32] 25| 1. .35| 3.19| 1.360 
1.97 4.75) 1. 1. '72| 1.964 
2:74 | 5.25] 2: '25| 2.726 
3.56 | 3.405| 3.35| 4:78| 31516 
(| 4.59 25| 4.255| 4.25] 5.28} 4.313 


| 5.58 ‘5. F 5.188 
| 6.72) ‘5. 6.163 
177 | 7.73) i 6.978 
8.84 | 8.80] 1,350 | 8. 7.883 
10.93 | 10. 93 , 

12.00 | 11.98} 

13.09 | 12.95] 

13.82 | 13.97 


for) 


DONO 
00 


11.73 | 12/195 


kw for units 1 and 2, respectively. » Assuming that ith le were operating 
a at the s same head and efficiency, the corresponding discharges w were. 1, 600 ¢ cu ft 


are also given in Table 3, ges ihe caloulsted discharge for 25% gate 
opening to be 1 ,060 cu ft per sec. This compares favorably with the value of 
1,070 cu ft per sec obtained from the rating curve. — Discharges for unit 1 on 
J anuary 35 he have been calculated from. the he same relationship and d are also given 


Repuction or Test Data 


_ The poem grade line elevations and differential pressures | given in 
Table 2, together | with the discharge rates i sin Table 3 and the general data sl shown 
in Fig. 1, were sufficient for computation of the > various losses in the test sec- 


“4 


od _ Friction losses for each « of ‘the three types of of surface ace were siti in - ms — 


of the friction ‘coefficient f in the W eisbach equation: 
7 eel the results are — as a function of Reynolds’ number R, in me 


be 


5 


re 


TABLE, In 
pipe; 
— wate 
— 
CRE] 4.60 939) 943) 1,880 th 
1,030] 1,033] 2,060 
| 7.28 1,106] 1,124] 2,230 
% 1,322] 1,331] 2,650 
9.25 9.36 | 1,383] 1,387] 2,770 
10.15 | 1,440] 1,443] 2,880 
— 10.22 10.86 | 1,490] 1,495] 2,980 
| 10.72 11.53 | 1,530] 1,540} 3,070 
| 11.92 | 10.37 | 12.253 | 12.18 | 1,570) 1,582) 3,150 
12.36 | 10.81 | 12.425 | 12.61 | 1,600] 1,610) 3,210 
| 
— 
then calculated by assuming discharge to be proportional to the square 
— 
— 
— 
: 
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In these —— » Li is the length of any test. ais Dis the diameter of the 
pipe; ‘V is the average flow velocity; hy i is the energy loss, in feet, over the 
length L; and v is the kinematic viscosity of the flowing water. — Since a air and 


water were both very close to 60° F during the tests, the value of »v has been 
taken throughout the calculations as 1.2 X 10-5, which is its value at that 

Values of the roughne 


coefficient in the Manning equation: 


were also a 


draulic rad radius ; and is the the energy ‘line, results are 


shown on gered of n versus V. 


Factor 
| 


Fricti 


on 


ome 
— January 25 
> 
a saway 26 | | | | 
he 
Reynolds Number, R, in Millions 
0.—P.ior or Friction Factor f Versus Rey NOLDS’ Numser R 
(a):s«18-F t Bituminous-Coated Steel Pipe 


(b) 18-Ft Tunnel 
ss (c) Unlined Rock Tunnel 


Hy = : 


a 


Losses in the tunnel transitions were expressed in ‘difference 


i 
Yubie 
(13) 
1000 
1,270 
TOsses were expressed in terms of the velocity head by 
2380 
315) Concrete Lined Tunnel, Mc Farland Adit to Turtletown Adit Lob 
Bal 
yo | 
lon — 
ts 
ow 
which H, with an estion; and — 
— 
hich 
. (2) 4 


In Eq. 5, ‘Vi and V2 2 are the velocities before. and after the transition, 


Friction Loss’ in 18-Ft Steel Pipe — Friction. roughness £ | 
7 and n, for the 18-ft steel pipe were computed by Eqs. 1 and 3 from the dis- | 
charges given in Table 3, the observed pressure drops given in Col. Table 2, 

and the dimensions of the test section taken from Fig. 2. These len « are 


given in Table 4 and are plotted as f versus R in Fig. 10(a) and as nm versus V in — 


Bend Losses.— -The pressure ‘drop measured between 


“on ft of tunnel, of which 120 ft is 18-ft steel ‘pipe and 78 ft is 18-ft vans 
lined tunnel. As both test sections on the 18- ft concrete-lined tunnel contain ‘ 
bends, it was necessary to determine the bend-loss coefficients and the friction 


January 
© January26) 
January 25} steel Pipe 
pe 


_18- Ft Diameter Stee! Pipe 


11. —Manninc’ ’s Re RovcHness n » Versus 'ELOCITY 

coefficients for the 18-ft concrete tunnel by the method of successive ap- 


First, the tunnel between } piezometers B and C was was assumed to, be eo com- 


‘a friction loss from the total measured loss gave the loss for bend 1, 
from which the bend-loss ss coefficient Cz was computed by Eq. - value 
a " of Cz thus determined was applied to bends 2 and 3 between piezometers C 

_ and D for determination of n for the concrete ‘Pipe. », ith this coefficient de- 


termined, t the loss in bend 1 was: recalculated. This change i in bend loss, 

s ever, when applied to bends 2 and 3, did not measurably | change f and nas” 

first calculated for the concrete. Table 4 gives the calculated preliminary _ 

value of C B for rate of ; the average of 
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the ratio of bend to pipe values of 


TABLE 4. —Friction-Loss 


Brom HTEEN-F00T Concrers- 


Base Loss 


open- | ity (ft 
ing 


‘Man- 
ning’s 


7 


Pes 


bach’s 


) 


Net 


Coeti- 
cient, 
CB 


(Ft) 


Bend 

(8) 


Fric- 
tion 
(9) 


Man- 


ning’s 


Weis- 
bach’s 


(10) 


Lrvep 


0.0107 
0.0113 
0.0110 
0.0113 


— 


| 
— 


on 


Average)... 


Se ‘Tie Proliminasy computations of bend loss for bend 1. * From the dam adit to Apalachia adit. = 


— 


“defection ar 


wWoanoe 
SSRIS 


0.0103 
0.0104 
0.0107 
0.0108 
0.0108 
0.0107 
0.0108 
0.0109 
0.0109 
0.0110 


0.0110 
0.0110 
0.0109 
0.0110 
0.0110 
0.0110 


0.0109 | 


angle, 


0.00742 
0.00758 
0.00810 
0.00817 


0.00825 
0.00835 
0.00836 
0.00844 


0.00842 
0.00850 
0.00841 
0.00845 
0.00855 
0.00848 


er 


15.6 X108 


16.3 
17.0 
17.5 X108 
18.1 X108 
18.5 X108 
18. 9 a 


0.056 
0.068 
0.079 
0.090 


0.103 
0.119 


0.246 
0.246 
0.237 
0.234 


0.236 
0.244 
0.241 


JANUARY 


0.88 
Le 
1. 42 
nd 


91 
2:23 
2.44 
2. 68 


0.0122 
0.0124 
0.0128 
0.0128 


0.0130 
0.0132 
0.0132 


0.0105 
0.0109 
0.0116 
0.0116 


0.0119 
0.0124 
0.0123 
0.0122 


OE: ¢ 


| 
COM WH. 


0.0124 
0.0128 


0.0136 


0.0136 
0.0136 
0.0136 
0.0135 


coefficient in terms of these variables are given by William P. Creager and By 


Joel D. Justin, s Members, ASCE, whose values of K, reflecting the effect of | 


are e given in Col. 5. Col. 6 gives values of iD for each bend 


15.6 X108 
16.3 


17.0 
17.5 
18.1 


18.5 


Ee nd Col. 7 gives the corresponding values of the bend-loss coefficient for a 90° —_ 
=. bend. i The preliminary values of C's for bends 1, 2, and 3 are given in Col. 8. 
; For b bend 1, this value is found from the calculations of Table 4. For bends 2 J 


Bi i ‘Hydro-electric Handbook, = by William P. Creager and Joel D. ——. John Wiley & Sons, Inc., hie, 5 


|e _ Table 5 lists the six bends included in the test section, together with the ie: ala 
deflectign. anole the radine and the diamater of nine in. 
format 
in { 
if 
in al Rey- 
| © (2) 
45 «| «38.83 0.00805] 5.7108 0.11 | 5.7 
«| «(4.22 0.00903 | 6.3 X108 0.13 | 
4.68 0.00857 | 6.9 X10¢ 0.16 | 6.9X108 
«4.97 0.00906 | 7.5108 0.18 | 
0.0112 | 0.00877 | 7.9 | 0.21 7.9 X108 
70 | 5.61 | 0.0112 | 0.00880 8.4 Xi08 0.23 8.4108 G 
75 | 5.89 | 0.0113 | 0.00892] 8.8 x108 0.26 8.8 
| 6.2 x108 | 0.066 | 0.246 | 0.13 | | 9.9209 | 8.2 im 
7.5 X108 | 0.099 | 0.256 | 0.18 | 0.0115 | 
8.7 X108 | 0.142 | 0.272 | 0.25 
| 9.9X10* | 0.179 | 0.264 | 0.32 0.0134 | 0.0127] 9.9X106 
1.1 X10¢ | 0.221 | 0.261 | 0.40 0.0134 | 0.0126 
« ; | 2.1 X108 | 0.267 | 0.262 | 0.49 0.0134 | 0.0126 |12.1x108 
5 13.1106 | 0.303 | 0.254 | 0.57_ 0.0134 | 0.0127 |13.1X108 
2B 60 14.0 | 0.350 | 0.258 | 0.65 
14.8 X108 | 0.395 | 0.260 | 0.73 | 9.2130 |14.8 xi08 
| 0.436 | 0.259 | 0.80 0.0130 | | 
0.475 | 0.258 | 0.88 0.0130 
0.513 | 0.258 | 0.95 0.0131 | 
| 11.70 0.550 | 0.258 | 1.02 0.0131 | 
ap- 12.07 0.578 | 0.255 | 1.08 pe 
4 95 | 12.38 0.610 | 0.256 | 1.14 
100 12:61 0.631 | 0.256 1.18 | 11.73 0.0129 
“a 
- 
ary 


ratios of ‘appropriate factors in Cols. 5 and 7, 


= 0.253 X 0.311 0.45 _ 9 999, coner 
0.57 1 0. 28 the le 


diame 


“concrete 18 ft and two be bends. Elevations of the 
hydraulic grade line at ee C and E and th he differential pressures be- 


between piezometers D E to the hydraulic line elevations for E 


os grade line elevations at. D; ‘subtraction of these elevations ek those at C 


2 and 3 were | calculated by Eq, 4 4 from the 
of Cos given in 5, and values of n and f were calculated from 1 


TABLE 5— —Benp- p-Loss CoEFFICIENTS 
| ‘Deflection | Radius | di tion coeffi 
-mumber| angle angle = cient, 


250 E ‘e222 | 0.140 
250 

257 | 5. 


= 


and Joel D. Justin, § Members, ASCE. 


Tg 


and 3. . The : results « of these ‘calculations are summarized in Table 4 4. Fig. 
shows f plotted against R and Fig. 11 gives” values of n in terms of V 


Corrected Bend Losses. —Having determined th the roughness coefficients: for 
i J the concrete- lined tunnel, it was possible to recalculate the loss coefficients for 
~ bend 1 . This calculation was made by using the average value of n determined — 


forthe steel pipe and by taking values of n for the concrete section of the tunnel — 
from a curve drawn through the points s determined for that section of the 
between Apalachia Dam Apalachia adit. ‘This curve was 
omitted from Fig. 11 as it differed so > slightly from the mean curve shown there 
that recalculation of the bend losses on the basis” of, the final curve was un- 
necessary. From the results of these computations, summarized i in Table . 
<4 the avi average value of Cz for bend 1 was found to be 0.236. Mt Corrected values of 
. ar Cz fora all bends are given in Col. 9, Table 5. These values are within the range 
"commonly used for bend-loss coefficients and they lie between the values given 
Messrs. Creager and Justin’ for “sa afe” and ‘ “probable” values. 10, 
ae 5, is based 0 on the curve of probable values presented by! Messrs. Creager — 
and Justin and is the ‘product of Cols. 5 and 7. These values a: are less than 


based on the measurements at bend 
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E at Apalachia adit measured the total head oii due to friction in 96 ft of 
18-ft concrete-lined tunnel, 264 ft of steel pipe 16 ft in diameter, and 40 ft of 
concrete-lined transition ections having a an average diameter of 17 ft, a nd also 7 
the loss due to bend 4 and the loss caused shad the expansion from the 16- -ft 2 
diameter to the 18- ft diameter. 


— 


g Net Bend 
toss cient, | 
‘steel | (ft) y CB 18-ft a 17- it 16-ft 


Com- 


ipe 
tunnel | tunnel pipe 


tunnel concrete | concrete | steel | 


0.010 | 0.053 | 0.232 0.053 0.042 
0.013 | 0.068 | 0.246 016 | 0. 0.064 | 0.051 
0.016 | 0.075 | 0.225 020 | 0. 0.077 | 0.061 

| 0.087 024 | 0.0 0.089 0.070 
0.098 | 0.224 J 101 
0.113 ie 032 | 0.018 | 0.113 
0.124 | 0.230 035 | 0.020 | 0.125 
0.138" 


© | | ® | | any 


0.060 
0.089 
0.132 


0.016 
0.024 
0.034 
0.045 
0.057 
0.070 | 
0.082 
0.094 
0.106. 


0. 128 
139 


esses 
29. 99 
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All these losses except that due to the sailitlies, dais can be calculated from | 


data previously obtained. Values of roughness coefficients for the steel pipe aa 
and the concrete- lined tunnel were obtained in the same manner as as those for the ‘ 
calculation of corrected bend loss. s. The: difference between the total loss and 

the e sum of of the calculated friction and bend losses was taken as the loss due to — 


expansion, the loss caused by the contraction being assumed negligible. Se od 
value of the transition- loss coefficient was calculated Eq. 5. 


| 
TABLE 6- —COMPUTATION OF Loss CoEFFICIENTS 
| Net | Cet- 
50.....| 0.01 0.007 | 0.042 
55.....| 0.01 0.007 | 0.035 
o60.....] 0.03 0.014 | 0.060 
70.....| 0.02 0.007 | 0.024 
80. | 0.03 0.003 | 0.008 
0.057 0.243 | 0.239 0.039 | 0.235 
60.....] 0.076 0.323 | 0.238 0.054 | 0.314 6 
0.085 0.364 | 0.239 0.060 | 0.352 
0.094 0.403 | 0.240 0.066 | 0.389 9 a 
01208 0.438 | 0.238 0.072 | 0.425 
ne 0.127 0.533 | 0.235 | 0.158 | 0.089 | 0.522 | 0413 | .... | . 
4 100.....| 0.138 0.584 | 0.451 | 0.024 | 
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; The computations are summarised i in Table 6, the average value of Cr for all dete 
at tests being 0.027, which is —_ smaller than the value given by H. H. W. ‘King, plez 
7 ey Friction Loss in 18-Ft Concrete-Lined Tunnel, Turtletown Creek Adit to 
> McFarland Adit. -—Between Turtletown Creek adit and McFarland adit, the loss 
a % tunnel is largely a a concrete-lined’tunnel 18 ft in diameter like ‘that between four 
Apalachia Dam adit and Apalachia adit. it should, therefore, ha have the same 
friction and roughness coefficients. The computations are somewhat more, 
_ difficult because the test section includes not only 6,944 ft of the 18-ft concrete | — 
* lining but also 118 ft of steel pipe 18 ft in diameter, 598 ft of steel pipe 16 ft | ?:: 

in diameter, 60 ft of concrete transitions having an average diameter of 17 ft, an 
a one contraction, two expansions, and bend 6. _ In addition, the tunnel does not | - 
have the same diameter at the two adits so that the measured drop i1 in the hy- ‘ 


my, 

= -draulic grade line is not equal to the drop in the energy grade line. ee ras 
_ The drop i in the energy grade | line can be calculated by adding the v velocity 
head at each piezometer to the elevation of the hydraulic grade line at that 
3 -piezometer and taking the difference of these sums. Thus, if the energy grade 

7 line is is represented by E and the hydraulic grade line by H, and the Turtletown 
ae : Creek and McFarland adits by subscripts T and M, respectively, the drop i in 


the energy grade line =| Hr+ + 7 


as AE = (ile Hu) + - j= (Hr — Hu) +A 
The friction loss in the 18-ft concrete- lined section of the tunnel is this value 


of AE less the other losses listed 


pe Loss i in the : steel pipe sections was calculated from Kq. 3 using n as 0. 0109. 
<i oy of n for the concrete transitions with a an average diameter of 17 ft were 


were calculated using 0. 027 a as value of C the heen ‘coefficient ee bend 
6 was taken from Table 5. . Contraction loss was neglected. Values of f and 
nm for the 18- ft concrete were ¢ calculated from the e net loss, using Eqs. 1 and 3. 


The computations : are summarized in Table r and the results are plotted i in 


a “McFarland . adits the tunnel consists of 3, 098 ft of unlined rock tunnel 20 ft in. 


Sia _ nominal diameter, 2, 902 ft of unlined rock tunnel 22 ft. in nominal diameter, ‘th 
7,626 ft of 18-ft concrete-lined tunnel, 20 ft of concrete-lined transition averag- 
a a. 2" ing 17 ft in diameter, and 369 ft of 16-ft steel pipe. Losses were also caused by De 
bend 5, by the expansions from 18-ft concrete to 20-ft rock and from 20- ft rock 
to 22-ft rock, and by the contraction from 20-ft rock to 18-ft concrete. The lo 
contractions f from 22- ft rock to 20-ft rock and from 18-ft concrete ‘to 16- ft 
steel are so gradual that losses due to them were neglected. ‘th 
Bit:3 ee. Energy loss between piezometers E and F was not equal. to the fall in the & ~ 
a a hydraulic grade line between the piezometers b because of the smaller diameter, ¢ 
corresponding higher velocity, at piezometer F. The energy loss 
6**Handbook of Hydraulics for the Solution of Hydraulic H. Ww. mine, MoGraw- 
Book Co., Inc., New York, N. Y., 3d Ed., 1939, P. ‘191. 
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4 
= 
— 
25. 
40 


determined, ‘however, by. adding ‘the velocity 
piezometers E and F to the elevation of the hydraulic grade line at piezometer _ 
Fand subtracting the sum from the « elevation of the hydraulic grade line at 
piezometer E. This process is similar to that employed i in finding the energy 
loss between piezometers F and G. : ‘The loss i in the unlined rock tunnel was 


found by subtracting from the total energy loss not only the friction losses in | 
TABLE 7.—Friction Loss aN 18-Fr TUNNEL; 


CREEK Aprr To McFaruanp ADIT 


Weis- 
bach’ 8 


Gate 
opening 


(%) 


Losses (Fr) Net loss, 


transition bend | 18-ft 


loss | concrete 


| 
concrete 
tunnel 


4 
16-ft 
steel steel 


pipe | pipe 


ia 


0.0112 


0.0123 | 


0.228 


0.256 
0.282 
0. 311 


0.024 
0.027 
0.030 


oooo 


0.0132 
0.0132 
0.0129 


0.0129 


0123 


0.033 | 


0. 141 


0.0087 
0.0098 
0.0120 
0.0131 
0.0122 


geses 22: 


0.0181 | 
0.0133 
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the concrete sections 18 ft and 17 7 ft in diameter ‘and lin the 16-f : steel | pipe, but 
also the losses due to bend 5 and the e expansions and contractions. _ tae Fal 
Friction loss in the ft  concrete-lined tunnel was computed from Eq. 3 
with the n-values taken from the smooth curve shown in Fig. 11. Friction — 
- loss due to the 20 ft of transition was also calculated by this method. Inthe 7 
cage of the 16- ft steel pipe, however, the | loss was computed with ao 0.0109, ue 
the value determined for the 18-ft steel pipe. ‘Hydraulic loss due to bend 5 
ow was handled in the same manner as was that for bends 2, 3, and 6, the value of — 
& for use in Eq. 4 being taken from Table 5. 
ae Loss in the transition from the 18-ft concrete-lined tunnel to the 20-ft un- 4 
= as tunnel was éalculated by Eq. 5, but the the value of Cr to be basen is open t to b 
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“some question. On tl basis of data. by Professor 
estimated at 0.9. Similarly, based on Professor King’ s data from the same 


4 


a... source and on the value of 0. 027 for Cr for t the expansion from the 16- ft Pipe 


oe ae At the entrance to ‘the 18-ft lined tunnel, the concrete lining has a 9- “in, 
chamfer, as shown in Fig. 1, detail D. ze ‘Tests on concrete box culverts with a 


> similar beveled entrance’ indicate that the loss at entrance may be expressed 


by Eq. 5 with a coefficient of 0.15. 
ad It was not possible to determine roughness co coefficients for the 20-ft and 
4 22- -ft unlined tunnels ‘separately. . I However, values 0 of n 1 and f were > computed 


from Eqs. 3 and 1, assuming 

| LEGEND that the same ‘values apply 

January 25 equally both _ sections. 

Values of n are plotted in 

Fig. 12 against the average | 

velocity for the two sections. 

In Fig. f i is plotted 

3 ‘against a . value of R based on 

“areas of the _two sections. 
Calculations of these factors 

Average Velocity, V, Ft per Sec Col. 5, Table 8, includes the 


Rovauness Factor n Versus AVER- ‘bend loss, contraction loss, 
AGE VELOcITY V FOR Rock ‘a 


~ which were calculated ine expressing all velocities i in terms of the velocity i in the 


-ft tunnel and using that ‘velocity for the calculations. 
In making t the computations of f and n, the diameter was taken as that of : a 
circle . whose area was equivalent to the average area of the section. The le, 
-draulie radius used was one fourth of the equivalent diameter. This as assump-— 
g tion is not quite cor rrect because of the irregularity of the tunnel cross sections. + 
For example, the ay average hydraulic radii of the 20-ft and 22-ft tunnels as 
3 sured on the cross sections are actually 5.36 ft and 5.60 ft instead of 5. 465 ft 


and 5.855 ft, respectively. _ Thus, use of these values in Eq. 1 produces values” 
3% | smaller than those g given in n Table 8. Similarly, used i in Eq. 3, these 


Bex ‘fas on the snc of rock and the manner in which it breaks, as well as . 
on the care taken i in measuring the irregular sections), it is believed better to 


“use the simpler : assumption of an equivalent ‘circular a area and the corresponding 


Son: Tests on the Apalachia tunnel were made at discharges: between ‘ 975 ¢ 


_ per sec and 3,210 cu ft per sec. Friction and roughness coefficients were de- 


7**The Flow of Water Through Culverts,” ’ Bulletin No, 1, ‘Studies i in Engineering, Univ. of Iowa, lows : 
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concrete | concrete | steel | losses = 


(a) January 25 


3.13 0398 104 


0.0396 | 0.103 


0.0393 0.101 
0.0393 | 0. 103 
0.0393 | 0.101 


0.0395 | 0.102 
0.0388 0.099 


wh 


to. 
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oooco 


0.097 


0.097 
0.095 

0.6361 0.095 
0.0381 | 0.095 

0.0381 0.095 
0.0381 | 0.096 
0.0381 | 0.095 
0.0379 | 0.094 


0. 6375 0. 092 


Based on average equivalent diameter of 22. ft. 
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Genin for three widely, different types of f surfaces, including st steel seek with 
bituminous p paint, concrete > placed against ‘steel and unlined rock. 


charges were based on a rating curve established by current meter measure- 
ments ‘supported and supplemented by observations of turbine a? case a 


Values of f for the > bituminous-coated stee pipe, ‘at values of R 
8x 108, ; agree with the curve suggested by y Theodor von K4rmén, 8.9 M. ASCE, 
and L. Prandtl® for smooth pipe. _ For greater values of R, the walien of f de- 
"parts from the smooth th pipe. curve but i increases very little in actual value. 


_— values of f and n are about 0.0085 and 0. 0109, ee 


“Mechanical Similitude and Shainin” by Theodor von K4rm4n, Technical Memorandum No. 61 : 
Advisory Committee for Aeronautics, Washington, D. C., 1931. 
Proceedings, III International Cong. on Technical Mechanics, Stockholm, 1930. 2 


10*‘Neue Ergebnisse der Turbulenzforschung,” 
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Bend losses were to enable “more scoursis 
calculation of the friction losses in the tunnel. — _ These losses were not recalcu- 
“4 lated after the final determination of friction loss had been made; but the 
change, if any, would have’ been very small. - Since 1 these | losses are a relatively 
small part of the total loss, the effect of a small change in the e roughness coefii- 
_ used i in determining them would change them only ‘slightly and the final 
a effect on 1 the friction coefficients for the tunnel surfaces would be insignificant, 
_ The coefficients determined are within the range of commonly accepted values, 


The data from these tests offer: an to check the validity « of ‘the 


‘teed with sand, is is 


Vj 


7 


inv sail fi is the friction ‘coefficient; r is the radius of the pipe; and & is the 

diameter of the sand grains composing surface. The equation i is applicable 
“. _ only to the region of complete turbulence i in which f remains constant with 
= Li —— R. ~ Although this condition was not quite reached in the tests, the 

constant value of f may be esti- 
~ mated by inspection of Fig. 10, 


‘TABLE 9. 9.—ComPuTATION 
Surrace RovcHNess Table 9 lists the estimated values 


Of f and r for each type of 
Friction | Pipe atio, Grain 
“Tunnel surface coefficient, ¥ diameter, the corre- 
0.0087 | 30,900 0035 Calculated values of are ri 
A 
concrete. .| 0.0135 a 3 | 617 | = agreement with what would ol 


of the respective surfaces. The 
ipe was almost glassy smooth except f for the irregularities — ” 
- eaused by the method of application. The concrete lining was slightly grainy. — 
2 - Estimates of the mean sand grain diameter, based on visual inspection, varied 
from 0.03 in. to 0.06 in n. The value of 0.04 is within this range. No accurate - 
estimate of average roughness for the unlined rock can be made, but the value 
ae of 22 in. does not seem out of line we examination of Figs. 4 and ‘. The 


of ‘agreement is the more remarkable when the difference in size between Mr. 


-Nikuradse’s apparatus and the Apalachia tunnel is considered. 


, Widerstandsgesetz und Geschwindigkeitsverteilung von turbulenten Wasserstromung in glatten 
x oa und rauhen Rohren,” Proceedings, III International Cong. on Technical Mechanics, Stockholm, 1930. eas Mt 
in rauhen Rohren,” — Heft 361, 
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‘STABILITY OF THIN ‘CYLINDRICAL SHELLS 
IN TORSION 


Be Beginning with previously y derived general differential equations, this paper 


teods to the | development of a a single continuous expression for the critical 


shearing stress” at buckling for all . cylindrical shells or tubes whether long, a 
medium, or short. This expression is reduced to a simple equation and a 

_ family of curves rves dependent only or on ti the , geometry of the shells and in independent 


the opertion of the materials of ‘which the shell is constructed. The simple 


equation introduces all factors dependent | on the shell material. Comparisons 


Methods for computing the strength | of ‘imperfect or incomplete : shells are de- : 

; rived and | compared with test results. ts. 4 A _ method of f specifying maximum out- 


“ofroundness or local ¢ discrepancies : for a 


given percentage « of is also 


pipe lines, tanks, or fuselages is presented. 


"proposed. procedure for determining critical shearing str stresses in in thin-walled 


proper of sheet thickness in the design of stressed-skin construc- 


‘tion for airplane f fuselages, wings, and fuel tanks involves consideration of 
stability a as well as of allowable stresses. _ Modern trends toward tubular con- 
_ Struction for aircraft structures have emphasized the the problem of selecting ade- 
quate wall ‘thicknesses for very thin-walled tubes partial | ‘tubes. s. Such 

_ members generally tend to buckle at loads far below that required to develop © 

~ the ultimate strength of of the material in tension, compression, « or shear. _ Such | 
buckling frequently results from shearing induced by torque loads or 
transverse: shear. - Further interest in the stability of thin-walled tubes has — bos 


| Resulted from the use of tubular members for actuating airplane controls. Such cs 


_. Nors.—Written comments are invited for immediate publication; to insure publication the last discus-— 


should be submitted by September 11,1947. j 


, Eng. and Research Prof. Materials, Purdue Univ. Ind. 
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is that. of etlecting the p proper wall of "the p pipe or vessel 
containing the liquid. Although the side walls pipe | lines or tanks are by | 


no means in n simple shear, the resistance to » shear buckling r may be the controlling 

+ ~ factor j in the determination of adequate wall thickness. In a number of in. 
stances diagonal buckles have o occurred near supports on on the side of truck tanks 
ay thereby indicating the p presence of buckling in shear. et a 


ce, In the drilling of oil wells, tubes or rods are are used to rotate the drill bits. 


Because the relative lengths of such members are great, it has been found that 
a stability problem is encountered in which there is a lateral buckling of the 
tube or r rod as a whole, This type of f buckling is different from t the local ® criti 
buckling of the walls of ‘ie cylinders or tubes s subjected to torsion. 7 A solu- mat 

tion to the problem of lateral buckling of a long tube or rod subject to torsion first 
7: _ was obtained by A. G. Greenhill? in 1883, whereas the first solution of the buck- & stre 


ding” of the walls of long thin-walled cylinders s to torsion, ‘knownt 


> writer, was published by E. Schwerin’ i in 1924. 

mL: In 1932 Eugene E. Lundquist, 4 Assoc. M. ASCE, oid the results of a 
py number of tests on thin-walled duralumin cylinders subjected to torsion. 
His work has been so carefully reported that it provides | an excellent basis fc for 
‘comparison between theoretical and experimental results. The following yea year, 
1933, L. H. Donnellé published : a theoretical solution to the problem o of torsion 


buckling of thin-walled tubes. Mr. Donnell’ work is on a number a 


for the critical shearing stress in short thin-walled tubes 
and to other ex expressions for long tubes. An excellent evaluation of this theory 


has been presented by 8. Ti Timoshenko. 6 Professor Timoshenko recommends 
that the Donnell theory be > used for for short ‘tubes but for long tubes he recom 
Curves representing the buckling strength of thi thin-walled tubes 
7 plotted against the ratio of length to diameter show a sudden break between a 
Mr. Donnell’s theory for “short: and moderately long tubes” and that of M. g 7 


Schwerin “long tu tubes” of only s slightly greater | length, 
Mr. Donnell’s experimental results indicate buckling strengths” which 
"average only about 75% of his computed values. This discrepancy ‘was 
ie used o7 on the basis of initial departure | from perfect circularity of tubes tested. 
~ The confusion resulting from the use of two formulas—one for : short tubes _ 
and a: another for long tubes—together with th the difficulty encountered in justi- 
fying: the discrepancies in the values obtained by existing analysis led to the  ™ 
= of the torsion buckling of thin-walled cylinders presented in this paper. ; 


wig 
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In general this study has for its object a a threefold purpose: (I) To derive, 7 
on the basis of the theory of elasticity, a general e: expression for the maximum a 
that can applied to a thin-walled tube without the tube 


obtained by y other investigators; (IIIy to 


ways of extending these results to practical problems involving shear buckling 


PROCEDURE 


‘The general p proc edure followed i in Part I is to derive expre 
ritical torsional shearing stresses in round cylindrical shells of pe elastic 


materials and to treat departures from these conditions as corollaries of the p 
first derivation. ‘The argument used determining the critical shearing 


stresses may be stated as follows: 
~ Consider the cylinder deflected into some shape such that the combined 
- differential equations of continuity and equilibrium, together with the 
boundary conditions, are satisfied. If the shell is in a state of neutral 
(e equilibrium, ‘the external forces necessary to hold the shell in the _ deflected 
7 position will be independent of the magnitude of the deflections as long as~ 
- _ they are so small that they do not materially change the general shape of 
the shell. A slight increase in external force above this value will cause 
collapse. Therefore, the lowest shearing stress causing neutral 
is considered as the critical shearing stress for the cylinder. _ a 
enumerated a as s follows: (a) The shell is pert cylinder before buckling; . (b) the 
shell-is of uniform thickness throughout; (c) the material in the shell is homo- 7 
geneous, isotropic, and perfectly elastic; and (d) the shell wall is so thin in 
proportion to the diameter that the curvature will not materially disturb _ 
linear distribution of stress through the thickness of the shell wall—that is, 


the ordinary flexure formulas may be applied. we 
System of Coordinates. —The system of cylindrical coordinates used to de- 
‘fine and locate a any particular ¢ element of shell is indicated in Fig. 1. The entire 
system i is based on a reference cylinder the radius of which is the average mean 
radius of the actual shell, and the longitudinal axis of which coincides with 
- that of the actual shell. The o1 origin . of coordinates is taken on the cylinder o of 
“Teference, ¢ at the point of maximum radial displacement of the deflected shell, oy 
midway between the ends of the cylinder. 
The y-axis is parallel to the axis of ‘the shell, and lies on the cylinder 
-‘Teference, positive toward the reader. The s-axis lies on the circumference o 
7" right section of the cylinder of reference, Positive in a clockwise direction 
2 coordinate is s = r 6 in which r is the radius of the cylinder of. reference, 
and 6 i is the angle subtended by s in a right section of the cylinder of reference. — 
The ‘coincides with the radius of the @ cylinder of ‘Teference, th the: radial 


-displacem ment z being measured positive outward. 
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No otation. —The following letter for use in the paper and 


3 for the guidance of discussers, conform essentially with American Standard 
_ Letter Symbols fc for or Mechanics of Solid Bodies odies (ASA-Z10.3 3- -1942), prepared by 


a sectional committee of the American | Standards Association, with: Society 


 @=an n aribtrary numerical constant determined conditions | 
from the general differential equations; similar definitions ‘apply 
constants b, ¢, d, m, and 


D = mean of a ‘hell, in 


£s= = modulus of elasticity of the ey in the shell, or in the stiffener, in 


f= function of” (see Eq. . similar definitions apply to functions 

g=" a function of” (Eqs. 7); also (see f) “a Wield: of” as in Eq. 14b; 

moment inertia per unit length of shell, in inches’, = 8/12; 


rus 


a coefficient dependent on various ratios: 


Kp = coefficient dependent upon L/D and D/t; 


— 

f a beam, 
fiber, in the cross section (see a); q 
— | er, a 

= the dista 8 

a ri 

‘all 

ig 

— 
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M = couple or moment resulting from the | distribution of forces or couples « 
a unit length of the face of the element lying ina plane ‘normal to 
_ - tangent to the shell; units are in inch-pounds per inch and are — 
B= ny where the force of the couple farthest away from the center 


bending couple or resulting from the distribution 


= a bending couple or moment resulting from the distribution 
normal forces, in a plane normal to the longitudinal 


a twisting couple « or moment resulting from the distribution — 
forces, normal to the circumferential 


Me = a twisting couple ¢ or —" resulting from the distribution — 


of shearing forces, in a plane ‘normal to the longitudinal 


= the number of lobes into the shell collapses; 


= normal force, in ‘pounds per per linear inch, acting o a unit ——_ of the 


Py = for force i in a normal to the tangent to 
= force. in a plane normal to the longitudinal tangent to the 
shell 
, pa arameter; Q: and Qs are are parameters determined by Eqs. 14 and 15; 
a parameter; Q’; and Q’: are parameters determined by Eqs. 14 and 15; 7 
8 = = - shearing force on the unit of length of of the face of ¢ a given element, in % 
pounds per linear inch: 


; ienvid Sw = force in the y-direction, with the element in a plane normal to 
the circumferential (s-axis) tangent to the shell; 
= = ' foree in the z-direction, with the element in a plane normal — 


to the circumferential (s-axis) tangent to the shell; 


a 


a. 


nou 


< 


to the longitudinal (y- we) tangent ti to the shell; 


= force in the z-direction , with the element in a nor 


= an are length; alee axis in Fig. 7 


te longitudinal displacement o of a point in a the 1 middle ig 


total vertical shear on a section, in pounds; 


displacement of a in the middle surface; 


pers 
and 
lard 
by — 
M, 
— 
gy 
lety 
lons 
ply 
— 
— 
| 
— 
| 
the 


oun SHELLS 


j= = total weight, or total load uniformly distributed, in es (see Fig. 2) 
y= distances along the longitudinal (y-axis) of a a tube; 
2 = radial deflection of a middle surface of a shell ; Zo = = initial depar ne from 


a round cylinder, in inches; 


= = angle between the mete a _ wave and a a longitudinal element of 
constant: in at the time of 


_ collapse) which ich represents a a maximum value of deflection: 


maximum initial departure from a round cylinder; 


circumferential displacement « of a point i in the middle surface; 


= longitudinal — of a an in the middle surface ; . 


oh: = unit strain i in a radial 


7 a= = unit | strain i in a circumferential direction ; 


= unit strain in a longitudinal direction; 


angular distance; - Dy 


 Poisson’s ratio; 


‘= tangential shear stress in the wall of the cylinder: 


shear stress denoting combined bending and shear; 


Te. = cr buckling s shear stress; 


that causes local tension equal to the yield point stress; 


“a a function of” as use used in Eq. 8; 
a sn. - infinitesimal angle at the center of curvature of i deflected shell, 
ee _ subtended by the circumferential element of length (see Eq. 4). Yo 


5 

Deformed Element of Si Shell. —The element of shell. considered i is iene in its 
"deformed state in Fig. 2. If u, v, and z are the displacements i in the directions 
Ww 8 , and 2, respectively, of a point in the middle surface of the shell from the 


: ‘undeformed. position, then the strains and the detrusion of the middle surface _ 


By eliminating u and v, the following equation of compatibility 7.8 ig obtained: | 
7 **Report on Arch Dam Investigation: Part VIII—Theoretical Analysis of the Structural Action of the a : 
_ Stevenson Creek Arch Dam,” by H. M. Westergaard, Proceedings, ASCE, May, 1928, Pt. 3, Vol. 1, diy a 
8 “Stress Functions for Shells,” by. H. M. Westergaard, Technical Memorandum No, 351, U. 
July, 1933; *‘Die "Stabilitat der Kreiszylinderschale,” Ingenieur-Archiv., Vol. 
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‘Tt may be expressed ai as a of 6, thus: = , and consists of the 


following parts: (1) dé original angle; (2) to cha ange in 


over length ds; (3) — yn; an 
“am 


cumferential strain. a ce: 


= 


2.—Fann-Bopr Dracnan 3 FOR AN ELEMENT OF A THIN (Aut Forces anp ARE Post- 
IN THE DrREcTIONS Suown—Tuar Is: z Is Posrrrves Ovurwarp; y Is 


subtended by the ¢ circumferential element of length. 
Internal Forces and Couples.—Fig. 2 shows the forces and couples that hold a 
me element of shell in equilibrium : An W, in pounds per 


2); 
due to cir- 
4 d#, due to cir- 
3) 
the | 
— 


4 


square inch; two normal forces, P, and P,; four shearing forces, Sun a 


in 
Sy2; and four couples, M,, » Muy, and These concepts are defined tior 
PRoBLEM oF ToRSION 
The derivation of a set of general differential equations governing the 
havior of thin-walled cylinders subjected to any type c of external load has been 2 
presented elsewhere by the writer. The equations were derived from a con | 
a sideration of the forces acting on a small section of a cylinder subjected toa tor 
? - uniform loading of any kind and of sufficient magnitude to cause the cylinder Seed 
to be precisely at the point of ‘collapse (see Fig. 1). Since all parts of the shell 


iia in ‘Fig. 2 are in equilibrium and since the shell wall i is continuous, an interrela- 

‘tion between the forces and deflections i is obtainable. The four general dif. 
ferential equations derived from the conditions of equilibrium and continuity 

applied to the elemental part o of the are: 


roe rag v4 OF? dy? 

. For the conditions | existing in a tube: subjected to pure torsion, certain Ba 


ins 


in which flys) isa of the y 8, the varia- 
— -_= of the circumferential force caused by the radial deflection of the shell. 

_ When the deflection is small, f(y s) is small, and the quantities — ag? . 
which are involved in the definition of dy are also very small compared to unity. 


’ ‘Consequently, products of f(y s) and these terms may be dropped from Eqs. 


(2) ‘There is no o longitudinal force on the cylinder, therefore, 


— 

} 

= 
| 
— 

— 
an 
Since 
Since there is no external pressure, W 

— 
= 
— 
— 
— 
Ibid., Section 11 Irbana, Ill., 1941. No. $29, 
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in which gly it isa of y and s the va: varia- 
tion in the longitudinal f forces caused by the radial deflections of the shell. 

“When the deflection is small, gly s) and the term d°z/dy* are small. Conse- 
quently, the product of g(y s) and 0°z/dy*? may be dropped from Eq. 5a. 7 - 
a (8) Since the tube is circular, the shearing stresses will be constant except : 

for variations caused by radial deflections of the tube and the values Sy and — 

c: will be constant and equal to 7 ¢ (shearing stress times thickness) ‘except 

for small amounts j(y s) and h(s y), respectively. 7 Consequently, the variations 

in Sey y will be very when the radial deflection, z, is and the 


dy may be dropped 5a. 


-eylinder, the average shearing stress is considered constant. 


of the e cylinder and the displacement » vis Sue y except for ramall variations 
4 of g(y 8). Ll As in previous us paragraphs, products of g(y s) and z or its derivatives 
age (5) Because the circumferential forces, Fe — zero except for small varia- 
- tions depending on the radial deflection, the anit strain in the circumferential - 


é, can be neglected. 


Use of. these: leads to the ‘general: differential 


dy? 00 


0...(7 


q 


cylinder wall and at the same time will fulfil the boundary. conditions. ‘The 
-_ Yale of torsional shearing forces, Sy, = S., = 7 ¢, which will make the : mag- 
‘nitude of the deflections indeterminate is the value which will produce neutral ye 
equilibrium and hence will be the critical value. torque producing this 
stress is the maximum “torque that can be applied to the tube without it 
‘oe boundary conditions are simply the ‘conditions of support at the ends = 
0 of the tube which depend on the fixation of the tube. Fi The first and principal. re tl 


case considered is that of In this case the ends 
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ites deflected iii are held so as to retain their _— true circularity an and, at 
- “the same time, to offer no external resistance to a change in slope of a longi 


“tudinal tangent 


‘The particular practical condition of the tube which this case . represents is 
4 that encountered in an an intermediate s section of three ¢ or more | sections of a tube 
i st subdivided by. bulkheads r relatively narrow it in a the direction of ‘the tube axis. 3 


= +; 35,2 = 0; and, for all values of 0, = = 0. 
choice of of coordinates between the ends of the 


- oylinder or or tube and at the point of maximum displacement ar around the shell 
leads tot the boundary condition that 
when y = 0 and = 
Solution of Differential Equations. 


boundary conditions in indicate, 
the solution of the equations, 


is a symmetrical function with re- 


spect to both the longitudinal 
nd the angular axis, » For 
high-order « differential “eque 
tions, solutions in the form of the 
product of two or more simple solu- 
- tions may | be sought. © To obtain 
P suggestions as to the pn type of 
radial deflection of the tube wall in 
state of neutral equilibrium, an 
ctual tube (Fig. was twisted 
ntil it buckled and then held in its 
‘bu ckled state. The shape of f the 
deflected tube. clearly indicates that 
the general form of the deflected 
section remains essentially the 
Auor ‘game ame but that the points of con- 


(L/D = 44 anp D/t = 138) at NeuTRAL © 
A Loap q traflexure tend to spiral around the 


=T 


a 


@ 
ae 
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Thus, it follows that a eckation to vad differential equations may be expected _ 
to be be i in form of of: 


: This function (Eq. 10a) f fulfils a all the nena conditions and, by proper evalu- 

ation of the c constant K,, will satisfy the differential equations. In order that =: 

the state of neutral equilibrium - may be reached (that is, in order that the 

of the deflection te term will vanish), various | derivatives— 


Eq. 10a may be e expanded for the purpose of determining the values of the 


[eos ( (m my) — sin (N sin 


> 2. = =[cos (N @) cos (ny) — sin el 6) sin (n y)] 
these values for 2; z, and are into Eq. 7a (which contains 
the v value of shear, Sy. = = Sw y=T t), it is found that they will each yield a 
‘ value of T. _The function, f, may be defined i in terms of K, from Eqs. 7b, To, 
ila, and 118, ‘so that the value of 7 that will produce neutral equilibrium is 
a dependent only on the constant K,. — Since there can be only ¢ one 1 value of shear- — 
sing stress which will produce neutral equilibrium, the value o! of T - obtained from 
the use of 2, must be the same as the value of r obtained from the use of : 22. It ss 
a 18 possible to solve for the value of K, that will give the same value of 7 rfrom 
both 21 is the critical buckling shear 


1, q a 
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: i determine the constant parameter, K,, it is necessary to determine the 


f =a a 


the functions, and 9 must. satisfy the differential Eas. 7b 

si for all values of y and 0, the | parts involving 2, and 22 must satisfy these equa- 


tions substitution of these values and values of 21 and 


From Eq. values of and are ound 


ih 


and, from Eqs. 166 and 176, the va of is found to b be: 


+ N?(2 


n?2 


4. 


ion, 


+ 1 


funodo f, to determine from ona 7c, it is necessary to 


= 


| EE g, must have the fo 
Q 1 2 r2 + ( N? m? J... (1 ba) 
) N? n? . . (166) va 
= 
— 
— 
wen 
— 
With these equations nintermsof mand” 
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Equations Fo For CriticaL Buckiine SHEAR — 


Eq. 7a, which contains the applied shear stress i» = Sy =rTt, may be 


in terms of 21, 22, fu and 1 fo, as follows: 


In order that Eq. 19 n may be true for all values of y and 6, the c coefficients. 
2 and must each be zero. The resulting equations are: 


— 


The critical buckling shear stress ‘isa obtained when Eqs. ‘17 give the same 
value of - Used with Kgs. 11, they give sufficient conditions to solve for _-oll 
The values of Q:, Q2, m, and n be into Eq. 20a. 


-[, (Nt — NL 


+o [ae 


(K, (Ky + 1)? = 

Eq. 20b, a similar equation is obtained that Kr + 1 is ‘replaced 


+A 


200) 
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two values of x obtained by using K, - + nd K, must be the same 
since X is a single value. The particular values. of K, +1 and K,- — 1 for 


a which this condition is is fulfilled may b best be found by plotting values of 


against values o of K, and locating the 


intersections of the curves for X. 


|e to determine only one set of values of 


+ xX because the values for K; - 1 will be 


the : same as the values: for K, + 1 except 
that the curve is moved two units to the 
“right. ‘The intersections of ‘the pairs of 
eurves thus obtained give values for both. 
The values of X Xfors any particular ve values 


0) =31. 4; N=3 of D/t and or L/D « can be computed 


| for different integral values of N. The 


ndnnn _ Value of N giving the lowest resultant value 
= (Of will b be the number of lobes into which 


the tube will buckle. 

In tabular computations for establish- 

ing - charts it is expedient | to consider g given 


of X for a range of f L/L D-values in which xX 4 


is a minimum or near ‘minimum. “Sample 
curves of X X showing various types of inter- 
ie are shown in Fig. 4 and the result- 
ing curves for Kp are shown in Fig. 5. 
Nalues of Ky subsequent considerations it will | 
Ostanmp — desirable to know the a angle between 
crests of the buckle waves and the longi 


tudinal elements of ‘the cylinder. ‘From 


¢ ) 4 


In these computations, however, it is neces- § 


Values of Kp 7 


— 
— 
taine 
¥ 
x 
os 
80 
we 
| © =19.6, N=3 
igh 
— 
— 
— 
Ua, 1t fo Ows that, at the crest of a buckle wave, must 
— be sidering the buckle through the origin: 
— Hence, the angle @ will nt of the 
gic; x, zbetween the crest 
— tan (240) 
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7 To find the v value of K, from Fig. 5, the values of N and tan a@ are first ob- 
roe 
! 


2 


a er on the right es of me: 25b are nies on the geometry of the 


‘ess and independent of the properties of the material in the ‘shell wall: 


“T1000 


“except for Poisson’ 8 ratio. It E is interpreted broadly to be 


modulus ¢ ata shearing stress the properties of the stress-strain curve for 
shell material are completely in after the 
elastic limit of stress has been exceeded. 


Pd the tube considered is not a true circular cylinder but departs slightly — : 


rom a true cylinder, it will | begin: to deflect a a8 soon as s torque i is s applied. - In a ; 


sof 
the 

sof | 
ibe 

ust 

| 

the 

— 
ty, 3 g 


= 
that, the tube» wall begins to deflect, the initial deflection will not 
be additive, i in its effects, to the deflection under load, However, if, 
a ; the initial deflection is of the same e general trend as the deflection under load, 
the effects may be fully additive. . For all practical purposes, the greatest 
letter that may occur r must be considered. To obtain a measure of this 
-_ _ greatest deflection, it may be assumed that the initial departure of the tube. 
wall from a true e cylinder corresponds | to the buckle pattern of the shell at 


_ sa Under this condition, the general relationship between the magnitude of 
the maximum deflection under load A, the initial | deflection A, eritical 


shearing stress Te, § and the actual applied stress 7 may be: written" as: 


ae the magnitude of the maximum + dilation A and Eqs. 12 and 13, itis 
"possible to determine the bending 1 moments, and consequently the bending 
pron in the shell wall, in terms of the initial deflection of the tube wall, the 
critical ‘shearing stress, and the applied shearing stress. 
Assuming perfect elasticity, H. M. Westergaard,”: $11 M. ASCE, has shown 


pees the bending moments may be expressed in terms of the radial ne 
; 


= 


From each of these equations the bending : moment may be computed, and 
rom the bending 1 moment the stress may be found by the following customary 


From the use of Eqs. mi, the bending stresses i in 1 either the inside or the outside 


 cumferentially and longitudinally) and for a diagonal (45°) direction. With 
these stresses known it would be possible to construct a dyadic circle of stress!" 
for the surface of the shell at the point: considered and to deter mine the principal 


_ stresses. Consideration of a number of cases shows that the larger pr incipal 
Stress is practically i in the circumferential ‘direction and Is only slightly larger 


“Buckling of Elastic Structures,” by i. M. Westergaard, Svenenetions, ASCE, Vol. LXXXV, 1922, 
‘Advanced ‘Mechanics « of Materials,” by F. B. John hn Wiley & ‘Sons, Inc., New York, N. 
1932, p. 37. 


Determination of from Strains on ‘Three Gage Lines and Its “Application 
to Actual Tests,” by W. R. Osgood and R. G. Sturm, Journal of Research, U. 8. Bureau of Standards, Vol. 
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than the maximum circumferential stress. a Consequently, the circumferential a 
stress represents a fair approximation of the controlling bending stress. ‘There- 
fore, for purposes of comparing some examples of imperfect cylinders, the cir- 
cumferential stress will be used as an index of the maximum bending stress in a 
the shell wall. In cases where the critical shearing stress, T-, is large as com-— 
pared to the elastic limit, the combined stress resulting from shear and bending i 


gould beused. 


The value of @ from Kgs. 12 12 and 13 3 may be be substituted into to give: 


ot 
y The maximum value of M, is 3 found at 0 = 0, setae 0 and is ihe 


dab 0 = 0, y = 0am 


The \ values 0 of m and nas from Eqs. 11 may 


296 and the resulting equation may may be rearranged to give: 


The v: value for stress may be ‘computed from Eq. 30a for the value of A from 


_ The vale of N and K, as well as the value of Te may | be obtained from 
As an example to illustrate the effect of initial deflections (out-of-round- a 
ness), Eq. 30 is applied to a long tube of steel for which the following data 
apply: L/D = 150; D/t = 200;N = =2 (from Fig. 5); K, = 11.5 (from Fig. 5); a 


b= 0.3; A,/t = 0. 1.5; E = 30, 000, 000 Ib per sq in. in.; and the tensile re a 


The ratio of which will give a circumferential | stress to 
the yield point in tension is obtained from Eq. 306 as — a 0. 94, The value of 
A/tS 0. 5 is easily obtained by careful fabrication except for or extremely thin 
tubes, ‘Therefore, the observed values of such long thin tubes should be fairly 
dose (within 10%) to the theoretical values. 
A. For very t thin tubes: of short length such as 3 part of an aircraft fuselage a 


similar comparison may ‘be made. For this case Eq. 30b is applied toa short 
bes tube of steel for which the following data are known: L/D = 0.5; D/t — 
= 1,000; = 16 (from Fig. 5); Ky = = 0.3;A,/t = 0.5; = 30,000,000 
Der sq in.; ; and the yield point = 40,000 Ib per sq The ratio of T1/Te 
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which will | give a a circumferential bending stress equal to the yield ‘point: in’ § shorter 
tension is = 81. For exceptionally thin, short tubes, ‘the out- of-round- distans 
ness may be controlled quite easily v vithin limits; but an -out-of-roundness — tube a 
value of A/t = 0.51 is difficult to obtain. th this case the experimental results _ _ Le 


would be expected to be less than the theoretical values. by about 20%. Sie for thi 


the va 
sectior 


at least 80% to 90% of the values. Actual: of 
.£ the combined stresses extant in n very thin shells indicates s somewhat Ic lower ratios - 
but actual determinations are not feasible because the properties 
thin sheets of of metal wu: under biaxial stress are not known. 
Eq. 30b ‘permits ‘drawing specifications for maximum allowable “out- 
roundness” (departure | from true circularity) to attain at least a minimum 
predetermined percentage of the theoretical elastic buckling strength of the : 
shell. The reliability of the specification, however, m may be questioned until 
factual data | have beencompiled. | | 


CYLINDERS WITH ENDS CoMPLETELY FixeD 


Boundary Conditions.—The boundary condition of “fixed ends” requires 


not only that true e circularity be maintained at the ends but that the longi- , 
tudinal tangent to the tube at the end be maintained parallel to the axis of the 
tube. The condition of absolutely fixed ends i is difficult to obtain in tests an dq 


seldom, if ever, is obtained in a practical case. 


The mathematical statement of these e boundary conditions is as. hemedued 


‘the choice of the center of coordinates midway between the ends of the tube 
: “gives longitudinal symmetry. The center of f coordinates i is also chosen at the — 

point 0 of maximum displacement as before. 
‘Type of Solution —Again a solution consisting of the product of two fune- 
tions will be sought by the same procedure as that adopted for simply sup-— 
ported | edges. Since t the characteristic form of buckling does not: one 


a 


is chosen as before, namely: cos The other 


which previously was simply cos now must a function that 
~ has both zero deflection and zero zero slope a at theend. The following wa was sfoundto 
be such a function: cos osh in which b, ‘and d are e arbitrary 


constants to be determined by the boundary and one other require 
ment. This other requirement is that the value of Te is such that the 
cients of each of these terms becomes z zero. - This re requirement leads to o extremely 


Waves exist so that. only the end wave would be affected 


Tests on Thin-Walled Duralumin Cylinders in Torsion,” by Eugene E. Lundquist, 
a Note No. 487, National Advisory Committee for Aeronautics, 1932, p- 13, » Fig. 4. se 
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shorter tubes the longitudinal elements of the cylinder are affected only a short 7 
distance: from the end, These facts suggest a consideration of 
tube as an ‘equivalent shorter tube with simply supported ends. nian 
Let the equivalent length be represented by L. The then 
for this equivalent tube may be computed from the e curves in Fig. 5 as soon bod 
value of a is known. To arrive at a value for a, consider a longitudinal 
_ The longitudinal half-wave length © 
of the deflected wall ll may be found as ‘the distance between points ‘of zero de- _ 
flection. In this ¢ case the deflection of the ee tube would be expressed 


s of zero deflection occurs when 


(3 


‘in which ¢ q is any i integer. “Since does not vary, the difference between 
and y Yr, two successive points of zero deflection, ie be found from (ys — ys) 
Ange of gor 


inw which K, is the value obtained for the ‘ ‘eimply tube 
isa L. _ Now consider a an end half wave where one point of 2 zero deflection falls 
is the e1 end of the tube. This curve will be very nearly a | a sine form. 3 the 


wave replaced by another curve of the form, —, both the de- 


flection and slope at the end would be zero. — The point of contraflexure in the 
latter curve falls about one fourth of the way ‘from the end to the next point o of 
zero deflection. The tube length between these points. of contraflexure is 
taken as the tube with simply supported This length is. 


a 

al = (4 _2aL)_ 


in which K, is —s on the length a Z. The value of a can be found quickly 


by successive approximations as follows: First, assume | a value of a L; then 
find K, from Fig. +5; and solve for a a from Eq. 31d. ‘With this n new value of a 


; - Again solve for K;, and so yon. In two or three cycles the » values agre agree within | 
the limits of error for reading the the curves. en hic’ 
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PART Il, COMPARISON BETWEEN THEORETICAL AND 


of the walls of thin- walled | eylinders rs subjected to t torque 


been recognized as as a problem in in “testing: materials. In 1924, N. S. Otey"* 


considered the effect of ratio of the diameter to wall thickness of specimens on 
the strength values obtained. In 1930 R. L. Templin, M. ASCE, and R. 
Moore, Assoc. M. ASCE, considered this phenomenon” from the point of view 
ee both diameter-to-thickness ratios and length-to- diameter ratios of test. 
"specimens for. determining the shearing yield strength of materials. 
——— first results of extensive t tests to determine the buckling strength of 
7 very thin-walled cylinders were published by Mr. Lundquist* i in 1932. — The 
aS specimens for these tests were thin duralumin sheets rolled into a a tube, —: 
edges them to a splice plate of the same thickness as the 


a (from 1 15 in. to 30 in.) but ’ were relsively th short (L/D-values from 0. 1 to 2. 25) 
The following year: (1933) Mr. Donnell’ published some some test results to : sup- 
os his theory. The specimens in these tests were also formed from thin 
7 sheets of steel and brass shim stock rolled into tubes. The ‘edges were lapped _ 
; - and soldered, which | gave a longitudinal seam of double thickness on one side 
of the tube. Mr. ‘Donnell’ specimens were mostly with small tubes (from 
318 in. to 5.88 in. in diameter for all ‘except one specimen). diameter- 
to-thickness ratios were not as as Mr. Lundquist’s but. the L/D- -ratios 


— In 1931 Mr. Moore made some tests at the Aluminum ee en 
tories in New Kensington, on specimens ‘machined from extruded and 
drawn tubing. ‘The length- to-diameter ratios ranged ‘from 5 to 7 and the 
-diameter-to-thickness ratios from about 10 to 100. _ The results of these tests 
_ are included i ina report by A. H. Stang, W. Ramberg, and G. Back. By 
| Ve ‘In 1939 another series of tests designed to cover the mane. from short to 
moderately long tubes was made by Mr. Moore and D. A. Paul.* The ma 
teria rial used was aluminum alloy 51S-T, whose typical mechanical properties 
are: Yield strength, 40 kips per sq in.; tensile strength, 48 kips per sq in.; 
oe nd elongation (for a thin sheet) 14% i in 2 in. _ The tubes were extruded and | 
drawn to size. They were very true to nominal dimensions. T he maximum» 
oo va ariation in wall thickness was less than +5%, and the variation in ge 


was less than 0. 1%. The ends of the test specimens were closed with steel 
i plugs machined to fit the inside diameter of the tubes so that, when the ends of 
the tubes were gripped in the jaws of the testing machine, they were quite 


_-:16 “Torsional Strength of Nickel, Steel and Duralumin Tubing as Affected by the Ratio of Diameter to 
Gage ee by N. S. Otey, Technical Note No. 189, National Advisory Committee for Aeronautics, 
“Spe imens for Torsion Tests of Metals,” by R. L. Templin and R. L. Moore, Proceedings, 
Pee tanta Tests of Tubes,’ by A. H. Stang, W. Ramberg, and G. Back, Technical Report No. 601, 
**Torsional Stability of Aluminum Alloy Seamless by R. L. Moore | ond D. A. Paul, T 
nical Note No. 696, National Adviecry for Aeronautics, 1939. 
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CYLINDRICAL ‘SHELLS 

effectively clamped as well as held to o shape. The diameter 1 
of these specimens ranged from 1 to 60 and the diameter-to-thickness moe 


fomabout75to140. 


| Fig. 6 shows a comparison between, the 16 measured and computed values of — eo 
critical shearing stresses for two sizes of tubes. The experimental values of 


| critical shearing stress from the Moore-Paul'® tests generally lie above the com- 


Test Outside Diameter (In. 


Yield Strength | 2.500 


of the Material — 
Values 3 Thickness End 


CuveA :103 Nominal Fixed 
Curve B 108 Minimum Simply 
re B 


er Sq In. 
—— 


s, Lb p 


98 Maximum 
138 Nominal 
Nominal 


| | 


Length 
Diameter D 


6.—CoMPARISON OF THEORETICAL Srress re, WITH THE RESULTS oF ‘THE Moors FOR 


puted curve for “simply supported ends’ ” based on minimum measured thick- 
hess and some lie above the computed | curve for “simply supported ends” oo 
based on maximum measured thickness. In all cases the measured values lie 
below the computed curves for fixed ends. In the range ¢ of low L/D-ratios, = 
where the critical shearing stress in the tube approaches - the e shearing 3 yield” 
“strength of the material, the measured values lie appreciably below the com- 


‘puted curves. ' This condition | may be explained by a consideration of two i" 


‘factors, ‘either « or both of which | may be . responsible for this tendency. AN 
ay As the material is stressed near the yield strength in shear, plastic action. 

takes place and the shearing deformations increase rapidly. This larger de- 
formation would have much the same effect as a higher stress on the behavior 
af the tube. The  shearing-stress,  shearing- strain curves for ‘most materials, 


second factor influencing the critical shearing stress as determined 

tests is the unavoidable initial departure from true circularity. ‘From Eq. q. 300° 

_ itis found that, for a given value of A./t and a given maximum stress S, the | 

' ratio 11/Te will be less for short tubes in which N is large and the value of 

‘ Te is high. | For long tubes, however, the ratio of 71/7. would be expected to be od 
much closer to unity. A comparison between the and measured 


Critical stresses substantiates this re reasoning, 
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Fig. ? a comparison between computed values of 
stress and values taken from Mr. Lundquist’s work. As previously mentioned, 


905 to 945 


| Theoretical 


Values 
Curve 
CuveB 700 
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Length 


specimens each contain a seam. Such a seam may have 
q 


effects : (a) It may introduce an eccentricity that would tend to cause low values 
measured critical shearing stress; or or (6) it may ‘serve as a longitudinal 


Computed Values from Eq. 220. sh 
Measured Ve alues -for at 
M 
_ 
4 
“a 
8. OF ComPUTED AND MEASURED VALUES OF CRITICAL BUCKLING Suezarine STRESS 4 


Ta 


FOR TRANSVERSE SHEAR AND BENDING 


fact that Mr. reported that: ‘the first v visible indication of 
x a ‘ile (relatively large.radial deflection) occurred at a load well below — 
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to othe 8: reveals that the measured values of critical 
shearing stress, as s reported by Mr. Lundquist,” are relatively lower with 
_ spect to the computed values than were the values determined f from the e seam- 

d by Messrs. Moore and Paul. 18 In general, however, the agree-_ 

‘ment is quite satisfactory when allowances for out-of-roundness are considered. 0 
ee Shear and Bending. —Results | from tests of thin-walled duralumin cylinders — 
in combined transverse shear and bending which Mr. ‘Lundquist reported i in 
serve as an excellent basis for a check, on the extended applicability of 

this theory to shear failure of thin-walled cylindrical vessels subjected to shear 

_ Toads other than torsion. Inasmuch a as the longitudinal seam was always placed ‘ 

on the extreme tension side, it would not be expected | to influence the shear 

distribution or the | curvature at the sides of the cylinders. Fig. 8 shows a 


~ comparison of the measured and computed values of critical shearing stress 


1 E 33 Part III. 


‘PART APPLICABILITY OF THEORY TO 
OTHER PRACTICAL PROBLEMS 


The analysis presented. herein ean be ¢ applied directly to long cylinders 


- stiffened with circumferential rings by considering the length between stiffeners © 
as the length of cylinder with simply supported ends. —iof heavy diaphragms 


“are used, some restraint may be present; but, for such restraint, 


be too indefinite to be taken into account. 


CyLINnDERS SuBJECT TO ToRQUE AND TRANSVERSE, SHEAR 


For cylinders both circumferential and longitudinal stifleners, 
‘shell may Ayes de in some cases, in waves s extending from one circumferential 


buckle in waves that encounter a longitudinal stiffener before anes the © 
4 circumferential stiffener. Tf a buckle wave extending from one cir- 


the panel might reasonably be considered as buckling at the same stress as if 

| the longitudinal stiffeners were not there. if the crest of a buckle wave inter-_ 

sects two longitudinal stiffeners, however, it may be assumed that the longi- 
tudinal distance between intersections is the effective length of the cylinder. 
‘The torsional buckling strength, then, of the stiffened cylinder would be that 
of an unstiffened cylinder of this shorter length h. The angle a a used for de- 

termining the reduced effective length should agree with the. length finally 

computed. This computation may be made by successive approximations, 
the series converges very rapidly, 

‘ Attention is called to the fact that, when such a double stiffened shell. Sora 
‘ buckles, a series of trusses is formed with the buckled shell acting: as a tension bas . 


“member similar to the web in a “tension field” girder. In this type of 4 | 


the longitudinal stiffeners form the basic framework 


ia “Strength Tests of Thin-Walled Duralumin Cylinders in Combined Transverse Shear and Bending,” 
» E. Lundquist, Technical Note Ne. 528, Committee for Aeronautics, 
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_Alibough no > adequate » method has been developed for determining, by 


£ aoe pounible to obtain a fair "indication « of this critical : shear by si suitable assumptions. 
One » possible application of the results of this analysis to a variable shear prob- 
lem is its use in computing the critical shear in the side walls of a thin-walled 

_ In many practical cases the bending moment in the vessel is small par- 
ticularly where the shear is greatest. | In such cases it has been found | from 
experience and test}? that the emall bending. moment has 3 practically n no effect 

on the shear vesletanes of the vessel walls or on the character of failure obtained. 

A _ When buckling governs, the critical shearing stress for the shell wall may be 
-_ dlosely approximated as the critical torsional shear in a cylindrical shell whose 

. i thi ratio is the same as that of the shell considered and whose 
7 4 length- to-radius ratio is such that tan a as determined from Fig. 5 is s equal to 
Bi L. t This ratio can be determined quite readily from Fig. 5. In the case of 
pipe or tank supported as a simple beam, if the half span is is less than the length 
corresponding to this ratio, the half length might reasonably be used as the 
_ effective length of ¢ cylinder, since there is } NO § sh earing stress at the midspan. 
For cantilever beams, the full length of of ‘the cantile ever should be used ur unless it 
is s greater than the effectivelength, 
A typical example of the cantilever beam action isa stressed- ite steal 
of an airplane. — The structural action of such a thin sheet is simulated by the 
. Lundquist tests." The data reported by ‘Mr. Lundquist indicate that, when 
the bending moment is appreciable, the resistance » to buckling in combined 
Kao shear and bending is less than when the bending moment is small. Bo: a. _ a 
i? A study of these data indicates that, under combined bending and torque, 
a reliable value of 7’, for combined shear and bending can be found from the 


*y following 1 relation between critical ‘shearing stress. (for pure torque) ‘ T- and the 
1 — 0.075 1 


may be taken equal to 7. For values of ry greater than 5, this approxima § 
— tion appears to be ultraconservative. - Values of critical shear computed in in 


pat 


- this way and experimental \ values obtained by Mr. Lundquist ; are compared in 


. Fig. 8. Until a , more adequate theory is provided such an approximation may 


oa specific example ¢ of continuous beam action is afforded by a pipe Tine filled 
with water and supported at intervals.2° If the circular section of the shell is 
held fixed at the supports by ring girders, or shy any other method, the distribution 
oe shears in the side’ wall is known quite definitely and may be expressed a8 
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follows for either a ‘single sp span or one of a long series of equal spans: 


sinu =rt.. 


A As would be expected, the shear is a maximum at the ends of horizontal 
diameters and "decreases very slowly for small angular distances from this 
point. Hence, it may be assumed to be practically constant for about one 
quadrant of arc. The critical shearing stress in the side walls i in b this ease will 


‘also depend v upon the ratio - at the supports and the value of ’, de a 


= 
from Eq. 33, using a hee of r- determined for a length L equal to =. 


oA review of the foregoing analytical study of perfectly cylindrical 

fi shells and shells departing slightly from perfection, the comparison of the - 

sults of this analysis with h experimental results, and the 


& 1. The analysis 18 s yielded a a single eq equation (Eq. which with 


the curve chart (Fig. 5) provides a a 


a 2. Slight departures fi from ine roundness cause considerable decrease i in ~ a 


the computed critical torsional shearing s stress for thin-walled cylinders. a q 
Comparison between measured and ‘computed critical shearing | 


values indicates ‘agreement within \ the | limits of accuracy consistent with the “ 


thot 
known variables; 


wy 4. The analytical r _— may be used to estimate values | of critical s shear 
for stiffened cylinders and cylinders subject to transverse shear and bending. 
va 5. Comparisons between measured and computed values of critical shear — 
in transverse shear and bending 1 indicate that the computed estimates are suf- 
ficiently close to the measured values to serve as a basis for yr design. ww Se 
18 6. Additional test data are needed to determine the reliability of ine esti- 


"mated values of critical shear for cylinders reinforced d by longitudinal and — i 
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WATER SUPPLY ENGINEERING 


REPORT OF T HE COMMITTEE OF” THE SANITARY 
ENGINEERING DIVISION FOR 


‘in May, 1945, and that of the “Tapaneeo in August, 1945. 
~ most analastone of war goods w was stopped; but controls of material were not 

yelaxed until late in 1946. More or less futile attempts to divert the energies 

production to housing for veterans, together with strikes i in the basic industries, 

have greatly | hindered a resumption of normal activities in water supply im- 

_ ‘provement a and extension, as in everything els else. Allotment of cast iron is still — 
under g government control, 
i — Some s state governments made grants of money to municipalities for postwar — 

- planning ; but made- -work was not necessary in the face of the ‘great dearth of 
‘consumer | goods. — The tendency to look to the federal government for aid, - 
as in the era of the Public Works Administration (P.W.A.) and that of the 
Federal Works Administration (F.W.A.), appears to have abated ay 

indicated by a a canvass of states made late in 1944. 

| is — what is becoming of all the water supply goods that are pro- 
duced. Many ordinary projects that one knows about are delayed for lack 

of untesial and yet production, apparently greater than that before the war, 
seems to be already absorbed for nearly a year ahead. | Quotations ond deliveries 
of pipe of all kinds seldom specify less than nine months and often much more. 

tank deliveries" are similar. Small direct-connected pumping» units 

- appear to be obtainable at reasonable deliveries but pumps, motors, and con- 

trols of ordinary and large sizes are quoted at delivery in nine months to a 


Contract prices have soared following the law supply and demand, 


and wages in the coal, steel, and machinery industries. 


= called escalator clauses are common for materials and equipment. Nota 98 
Bod price quotations are merely statements that goods will be billed at the : a 


rices current at time of shipment, which cannot be for months in the future. By ' 
Nore. —Please all comments on this directly to Chairman Thomas H. Wiggin, 90 


— 

‘ The events of greatest influence on water supply as well as on all other ac- _ _— 

? 
i 


are nevertheless accepting these prices and 

= letting ¢ contracts in spite of them. The low interest rate on borrowed money— 
apparently a product c of federal government n ‘manipulation—has made high 
prices less of a bar to the undertaking of improvements. (The rz rate is approxi- 
‘mately 13% for good municipal risks and about double that for privately- 
= utilities. __Revenues from the latter are subject t to heavy taxation. ) 
The effect on savings of all kinds has been disastrous. 

Propuction or Cast-Iron AN 


-Cast-iron pipe foundries have 2 kindly furnished | as to their 

, production (see | Table 1). All mention shortage of raw materials and some 

mention labor troubles as having re- 

TABLE 1.—LINING AND Coating duced production. _Anestimate of about 

Iron Pipe =—S»-—- 70% of output for 1941 was stated by 

Ronee producer. In n general, 1941 

_—s a was a high production year. Another 

ae foundry reports many difficulties 

dined cement high years of 1941 and 1942. Another 

“imine | (%) = foundry reports production about 

thick- equal to that of 1939. and 1940 with 
oe facilities for 25% greater | production 

usable because of lack of raw materials. 

‘This foundry ry has orders n not only for 

the 1947 output but also for the entire 

8 q 1948 output, , at present rate of raw ma- 

terial supply, and hopes for more ma- 

| 7% a? "record | production of 2-in. cast-iron pipe 

Foundry D (4-In. to an but with | a general curtailment on 

| count of a ‘shortage of raw materials. 


23 3 
26 26 


This information appears to indicate a 


74° 
33 67 fairly rate of production as" com- 
Foundry El (3-In. to 12-In. Pipe): 
Bs 10.3 pared with p prewar production but an 

"40.4" inability to apply the increased facilities 


100 provided for war needs to the large un- 


satisfied demand because of shortages” 
caused by labor troubles. 


« Percentage of pipe lined with cement—that hiscetd 
a 4 is, percentage of the pipe represented in Cols. 2 a es. The committee wishes to express s its 
and 3. 50% of the standard thickness (Col. 
2) and all the thin cement lining (Col. 3). . satisfaction in the growth in use 0 
¢25% of the standard thickness and all the if its 
"thin cement lining, Foundry F stated that cement lining again expresses i 


doubt to the wisdom of using g the 


thinlinings, 


Reinforced concrete pressure pipe continues to be used extensively | even in 


least to 16 in. i is true of 
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reports sales, in 1945, of about 50 miles of 20-in. pipe to 84-in. pipe, about | one 
; fourth of which was of the pre- -stressed type. Sales in 1946 were much reduced 
but there is a very large backlog of orders both for the United States and for 
‘South America so that quotations on deliveries are for meine ahead. ~ Practical 


Lining ‘Lanes | IN Puace 
a The process process | first developed, int which premixed mortar i is spattered on n to »the — 


pipe by centrifugal force and smoothed by y revolving - trowels, has continued ~— 
— extensive use. During 1945 and 1946, to December 3, 1946, a total of nearly © 
348, 000 ‘ft in sizes from 30 in. t to 48 in. was reported as being lined by this 
company. Another company, t using a ‘revolving gunite : nozzle and revolving 
trowels, has done one or two jobs. - Gunite e applied by hand nozzle and. smoothed 


OF ‘Suan IN PLACE 
‘The process of lining pipe varying in diameter from Bi in. to 16 in. with | 


Mi... mortar by pulling : a mandrel through the } pipe (used so SO extensively i in 
Ps countries) has reached a total output of more than 662,000 lin ft in the 
United States, not including some work in 1 in November and December, 1946, 
not. reported. _ The total for 1945 was more than 123,000 and that for 1946 
was more than 133, 000 plus some November and December work not eee. 


TREATMENT AFTER CLEANING 

The well-known to cleaning pipe—its tendency to 
more rapidly after ' cleaning— —has been the subject of chemical research which 
7 has not been very ‘successful; and also of invention with respect to coating in 

place after cleaning. Apr process, patented ma many years ago, applying asphalt 
P from an emulsion with the aid of an electric current has been used 1 to ‘some 
‘extent in 1 England but not in the United States s 80 far as the committee knows. 
2 intention to engage in this business soon in America has aiid come to 


for. adding 540 mgd to the water sup} was 18 interrupted by by the war 
s War Production Board (W.P.B.) judged that, with care, the city could do we < 


Without. the increased ‘supply. Att the time of work stoppage, the Delaware 
had been ¢ constructed from Rondout Creek to West Branch Reservoir 


he Croton Watershed ; thence to the 30,000,000,000-gal Kensico 


about. 40 miles from the city ; thence eto the 1,000,000,000-gal Hillview Reservoir © _ . 


* the north border of the city; y; and ‘thence by tunnel across the East River a _ 
Hell Gate into Queens on Long Island, including also a connection 


(Ac 


April, 1947 WATER SUPPLY ENGINEERING 
and § 2 which wire of high elastic limit and high ultimate strength is used for the es ata 
ely- 
on. 
ome 
1941 by hand trowels has also been used for at least one pipe line of considerable i ~~ 
— 
Ities 
the 
ther 
out 
fa 
Is. 
for 
ma- 
ts 
pipe 
— 
ials. 
te a 
— 
ities 
ages of the City of 
> of 
the 
| 
n 
pipe 


ENGINEERING 


financ 

Manhattan and terminates in - ‘ites 

‘Transportation of the approximately 100 mgd of additional from 
Rondout Creek was thus | provided but the Merriman Dam on Rondout Creek BE abanc 
was only partly constructed and no | considerable storage of water was possible. — 

The new aqueduct also was not equipped with its permanent control valves: job of 

and unwatering equipment. ‘The old contracts had to be liquidated. wie - active 

- bape the ‘past t two ) years 3 the natural flow of Rondout Creek has been used. of the 

missic 

from Rondout to Hillview cern for the caisson cutoffs of Neversink locati 
Reservoir farther to the west. 7 _ The contract for the dam contains a ‘special wate! 

kind of reverse-escalator clause under the terms of which accurate cost records of 

are » being - kept and the contractor has engaged t« to refund to 0 the city 80% of ar — ‘signe 


profitinexcessof 15%. 


Dow 
fm _ Water consumption of the city has risen greatly a and is now shen 1 (050 — a heavi 
about 200 mgd greater than the low consumption reached during a part of the ° 
war ‘years. | The exceptionally dry year of 1946 is causing some anxiety as to’ : 


the ‘adequacy of the supply, which is deficient in accordance v with 
Boston, M ass.—During tl the past year the huge Quabbin Reservoir was filled 


to the level of the spillway. — 7 The filling w: was begun on , August : 1939, with the 
closing of the diversion tunnel gates at Winsor Dam. ' The water reached the 


static 
m 


‘sill of the depressed stop log « section of the spillway. on May 30, 1946. The Com 
filling was celebrated on June 22, by lifting the logs on the. depressed section of ‘ q ‘atin 
the spillway 30 ft long. Since that time the spillway has been discharging at - provi 
rates varying from about 70,000,000 gal daily to 20,000,000 gal daily. At the the f 
level of the main spillway which’is 2 ft above the stop long sill, the reservoir holds" maxi 
about 415,000,000,000 gal available to the district above the sill at Quabbin use ¢ 

Aqueduct, including estimated ground storage. During the filling 95,660,- whic 
000, 000 ‘gal! have been drawn to date through the aqueduct to replenish Wa- “cept 


chusett Aqueduct. Some consideration i is being given to supplying other c com- eseal 


ities near the center of state with w ater from this reservoir. early 


World War ITI but is now in progress. 


Ts _ Extension of the district’s Hultman Aqueduct, to. the main center of dis- tion 

| tribution, was delayed because of the war, but the contract was executed on - Base 

i _ November 25, 1946, for sinking the necessary construction shafts for the city — & capa 
76 tunnel ‘section of this aqueduct ¥ which will extend about 54 miles from the J dail; 
prio: 

ro: “cont 

‘> 50% in the wholesale rate which it charges its twenty cities and towns — a. 

for water. Recent legislation has established a flat rate of $40 per million 16,1 
gallons. This was made possible by issuing annually (beginning in 1946) Oper 


‘Series of ‘so-called. Water Use Development Bonds. In effect, ‘these ai are Te- 


4 
4 
3 
F 
— 
— -filtra 
} 
a ae 


“financing bonds, which anticipate an expected drop in average ‘cost and spread | 
‘it as a flat rate over the next taking it years: to encourage n new 


inb of extending metropolitan sewage ge works as well as water r works, and is now 


actively engaged in the construction of a sewage treatment plant at the outlet 4 
of the South Metropolitan Trunk Sewer i in Quincy, Mass. — ey —e 
Detroit, Mich.—In 1946, Detroit filed plans with the State Planning Com- 

mission for laying some 25 miles of 36-in. to 54-in. water mains in ‘various | 

locations, at an estimated construction cost of nearly $5,000, 000. 

water works improvements are contemplated, estimated to cost about $3, 000, 000. 7 
 Saginaw-Midland Project in Michigan.—This water supply project is 
signed to deliver 43 med from Lake Huron to Saginaw. and Midland and to ae: “4 
Dow Chemical Company. The present supply for these cities is from ariver 
heavily polluted by industrial wastes and the water cannot be treated ‘success- 7 = 7 
fully. The | project includes a 66-in. steel intake extending 2 miles out into 

Lake I Huron with a wooden crib | in 50 ft ft of water. The intake capacity is : 7 


A concrete pipe line, 48 designed for 


; 15 ‘miles in length, one going to Saginaw and the other to the Dow Chemical 
Company i in Midland. _ The two pumping stations have an installation aggre- 

each station, total of 70-mgd -electric-driven pumps. 
‘provide for the ultimate addition | of two. ‘more pumping stations similar to - 


“ation, From this station two 36-in. ‘how are approximately 


= of 43 pad ed contracts have been let for the construction, the cost of 

which totals $10,300,000. _ The letting was on a fixed-price basis with the ex- 

ception of the $200,000 for pumps 4 and electrical equipment which includes 

escalator clauses with a maximum provision of 20%. ~ Construction will start 

early in 1947 with anticipated operation beginning before July 1, 1948. oe 
Chicago (IU.) Filter Plants. —A start was made on the planning of addition 7 
filtration plants for Chicago estimated to cost from $55,000,000 to $60,000,000. 

_ Construction work continued throughout 1946 on the South District filtra-— 7 

tion plant in Chicago, which, when completed, will cost about $24, 000, 000. 

Based on the customary rating of 2 gal per sq ft per min for filters, the filter is i 
capacity of the plant is 320 mgd. rT. The plant is is designed for a maximum average — . 
daily load of 450,000,000 gal and a maximum hourly load of 600,000,000 gal. _ 
‘Construction on this project proceeded slowly during the war period with 
‘priorities g granted for completion of certain parts of the plant. If conditions 


continue as at present, another year of construction will be required. ean ovis 
‘e The South District: filtration plant ws was placed it in partial ul operation o on August - 

16, 1945, first with intermittent daily v use; and, on October 8, 1945, continuous 
Reve with partial treatment of the water Was begun. The partial treat-— a 


ment involves low-lift pumpage 0 of ti the ws water, coagulation, and nd sedimentation. - 
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Reports 
1” e the early part of 1947 a 1 few of the filters will be iene for 0} operation. All the 
filters are expected to be in operation by July or August, 1947. 
_ The use of activated carbon will be: started as soon as the water from one 
4 section of the plant can be filtered. s A small amount of lime is being used to 
_ reduce the corrosiveness of the water. The sodium silicate treatment for 
: aiding coagulation i is being tuned up. 5 The difficulty i in obtaining silicate and 
sulfuric acid has delayed the use of this treatment. 
— Louisville, Ky.— —The city-owned Louisville Water Company i is planning to 
— 7 change . from steam to electric drive for the Crescent Hill high-service pu pumping 
station. . The 155-mgd s steam units are to be retained for reserve and 140-mgd 


electric-driven equipment is to be installed. It is estimated that the gene 
Pe ‘supply will be more economical than the continuation of the steam power. . 
Des Moines, Towa. —Plans and ‘specifications have been for 


36-mgd iron removal and so softening plant a at Des Moines. his nemmens 
wil be undertaken when prices are more favorable. 
St. Louis, Mo.—Plans and specifications have been a $19, 000, - 


000 project to expand and i improve ve the water purification system of St. pond 
This program includes also the i improvement of the distribution facilities for an 
increase of 20 mgd in the output. — - The consumption averages | about 150 mgd. 
A $7,500,000 bond issue for some of this work was authorized at a public elec- 
tion on n August | 1, 1944. — Other ne necessary funds were were already aut authorized or in 
City, Mo. —Improvements to the Turkey Creek steam 


Omaha, Nebr.—A new “river intake, new mixing basins, and feeder main 
additions to the distribution s system are planned for Omaha. 
a. Oklahoma City, Okla. —The construction of the Bluff Creek Filtration Plant 
and Pump Station was begun i in May, 1945, and has been completed recently. 
This plant wa was designed for an initial capacity of 15 med and arranged to - 
The water is taken from Bluff Cresk about 8 miles of the 


extensions were ‘completed i in 1944, the filtration and station 
‘The plant provides for prechlorination and postchlorination if necessary and 
- for the use of lime, alum, and soda ash with an underwater carbon dioxide 
"gas burner and the application of hexametaphosphate after filtration. The 
filters are pro provided with a rotary surface wash system. 
Savannah, —At present Savannah, which obtains its water supply { from 


—_— water, has become afraid of encroachment of salt water at the wel 
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River. The. original plant is to have a capacity of 35° with provisions for 
readily expanding the capacity to 50 mgd. The raw water will have to be- 
pumped t toa filtration plant to be located about 8 8 miles from th the Abercorn _ 
Greek pump house, 
tf f An unusual feature of the filter plant is the use of liquid alum delivered in 
either trucks or tank cars fi from 1a new v liquid al alum plant i in S Savannah. Hy- 
drated lime is also to be used, together with prechlorination and postchlorina- 

tion. . The filters will have a nominal capacity of 40 mgd. 

_ The new supply is to be used mainly for industries and i is expected to have a a 
“hardness of Iéss than 1 gr: grain per gal. The water, however, will be available to y 
supplement the r regular present domestic ‘supply. If possible, it i is planned to 2. 
have the new water supply available toward the end of 1947. A 48-in. main — : 
‘about 14 miles long is to deliver the treated water to the present system. ores 

_ Atlanta, Ga —A . water works expansion program looking forward to the 

next twenty-five y years has been | developed by Atlanta. The program 2 includes ~ ; 
a new filter plant having a capacity of from | 15 mgd to 18 mgd designed : so that 7 : 
it could be increased later to 54 mgd. A number of large connecting 1 mains are - 
to be installed, including 11 miles of large mains in the distribution system. a 
Houston, Tex.—In July, 1943, the city council of Houston adopted an — 
official long-range | plan for water ‘improvements including the e following, e esti- 


pron water r supply of 135, mgd; and ‘provide necessary pumping stations, 
treatment. plant, transmission, ‘and primary, secondary, and grid m mains. 
In 1944, $14, 000, 000 were the immediate ‘program as 


feb the frst unit, 25 mgd; a high-lift station, first unit, 75 mgd; and six miles a — 
‘transmission mains, 30 in. to 36in. 
‘The greater part of the ground- paren developments, including the ma mains 
connected to them, has been completed ; 4 but the major part of the surface 
“supply development i is in the’ planning stage , although the transmission ncanal 

and temporary low-lift pumping station were acquired from F.W. A. Bids for 

the dam received in October, 1946, were rejected because they were too high. 

A pilot treatment plant has been operated since March, 1946, and is 3 to ell 
tinued for one year. The bid for the dam was $7,500,000 | compared with an 

- estimated cost of $5, 200,000 at present index prices. At the end of +1946 one 
what more than $6,000,000 had been expended o or appropriated for uncompleted | ; 
contracts then in force. The metropolitan area of Houston uses about 118 mgd 
which is 3 mainly from the ground-water source | of supply. The | e municipal y water 
system furnishes about 50 mgd of the totaldemand. = eee 

etropolitan Water District of Southern California. —Plans and specifica- 
tions are being prepared for a second unit of the softening and filtration plant. 

This addition will ¢ double the present capacity, raising it from 100 mgd to 200 4 
mgd. It is contemplated be issued 
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Julian H Hinds, M. ASCE, advises that, in the fiscal year 1945-1946, ‘the 

: demand for water from the Colorado River Aqueduct was 151% of the demand 
in 1944-1945. _ The peak demand during the summer of 1946 was 104 mgd as 

with the rated 1 capacity of the filtration plant at 100 mgd. 

With the recent annexation of the San Diego County Water Authority to 

. Metropolitan District, water for the San Diego Aqueduct will be supplied 
f 


voted, “majority, to : annex to the 
District of Southern California. 5. 3 The United States Navy is constructing an 
: aqueduct from a point near the west portal of th the San Jacinto Tunnel of the 
Metropolitan Water District a distance of ‘approximately 70 miles to the San — 
4 Vicente Reservoir, one of the main storage facilities of the City of San Diego. 
line is estimated to cost. $15,000,000 and i is about 50% complete. The 
estimated date of completion is December 1, 1947. This aqueduct, although 

being installed by the U.S. Navy, is t is to be @ paid for by the San Diego County | 


Water Authority. will have a capacity of 50 mgd. 


joini 
‘The San Diego County Water Authority is designing pipe lines to distribute = butt 


water from the yo being constructed wn the sy to the other 1 member 
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ae contract has been let for the construction of 12 ap sige — tin: 
from San Vicente Reservoir, the terminus of the San Diego Aqueduct, to » the 
San Diego distribution system. This pipe line will permit bringing the Colorado 
River water into the City of San ‘Diego. | The lines will have a length « of some 


12 miles in which the pipe will range from 48 in. to 60 in. in inside diameter. _ 


e estimated cost of this work i is $4,000,000. by: 

Plans are being prepared for the construction of the Alvarado filtration — ‘side 

in I East San Diego with a design capacity of 66 mgd and an ultimate star 

"capacity of 100 mgd. This plant will be designed to handle filtration and 

_ softening of local and Colorado River waters, using the lime zeolite process for _ ‘tur 
softening, with rapid sand filters. The estimated cost is $2,250, 000. “ing 
The City of San Diego has under way, or in the planning stage, a large uni 

amount of additional work required to strengthen the distribution system. 

considerable amount of additional pipe lines, together with distribution tanks, 
reservoirs, and pumping plants, is involved. An expenditure of approximately « 
$3,000,000 is ‘contemplated during the next two years on these features. It pec 
i. is reported that the entire distribution system is badly overloaded because of zi on 
‘the tremendous increase in population as the result of the war. Additional im 


studies are being conducted to provide for the further of waters 
ee cs the various streams in San Diego County, with particular attention to the 


Los Angeles, Calif. —Plane specifications are completed and work will 


it 


with a capacity ‘The estimated cost is $4,500,000. . The 
“Teservoir wi ill an line 80, 000 “ft long, composed of large 
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—. desilting structures along the open ‘section of the Owens Valley Aque- — 


‘duet between Haiwee and Alabama Hills are to be constructed in the near = 


future. estimated cost is $36,000. Two of these structures will desilt 
_ the stream waters from side creeks and permit clear water to be discharged into p 


the aqueduct. The third i to be built i in the aqueduct itself, at the Alabama 
‘Hills gate, to desilt the aqueduct water and to permit. the debris to be dis- 


charged at the Alabama Hills spillway g gate, thus providing clear water between 
that point and the Haiwee Res Reservoir, 
‘Three reinforced concrete overhead spillways across the open section of the _ 
Owens Valley Aqueduct between the intake and Alabama Hills are also planned. — 
Along with this work there will be some remodeling of the existing spillways. 


total estimated cost is $125,000. 
b by Los Angeles Water Dept. 


Pipe Joints.—Experiments | have been i in progress in n connection with the 7 
joining of small- -diameter cement-lined standard steel pipe by the use of welded | 


butt straps, both with and water in the heat of welding 


lining. es department advises that the use of welded butt straps on cement- 
lined steel pipe has been very helpful because it provides s rigid joints for fairly — 
ae Clarification of Stored Water. —Research w vork i is in progress on the clari- 
‘fication of stored surface water r supplies. In the investigation under way, 
experiments are being made with the diatomaceous earth filtration as developed 
by the United States Army during the war. | Preliminary r results indicate con- 
siderable ‘saving in installation and operating costs as ‘compared with the 
‘standard design of filtration plants. Water with a turbidity of less than 0.1 
ppm can be readily | obtained. It is anticipated that water with such a low 
ew would probably eliminate many complaints of odor and tastes result- 
ing from bacteriological : slime growths in aan distribution systems receiving 


Electron Microscope—The management of the water system has recently _ 
‘installed an electron microscope to investigate and identify bacteria having : 
significance, and also to conduct research on on the chemical and 


scopic analyses of water, 

~ Chemical Weed Control—The Water Department of Los Angeles has made 
important additions to the researches of others in control of land and — 
weeds i in and near canals and reservoirs. — The conclusions of R. F. Goudey, | 


—_"* and water weeds can be economically controlled by the use of 
chemicals, ‘Provided such work is properly supervised and intelligently 
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“Land v weeds and water are best by 

_ the new 2,4-D compounds, but other chemicals have specific advantages 

different purposes. 

=, - “Submerged aquatic weeds are generally best controlled with chlorinated 

_ hydrocarbons, employing higher doses than previously recommended (up 

to 50 gal. per acre), allowing much longer contact periods (up to four days) 

_ than formerly, and by observing jnecessary factors to avoid complaints of 


odors and tastes from consumers.” 


Loe Angeles was sued by Natural P Products damage 
which it was claimed could have been prevented if the city had diverted flood- 
waters: out of the valley or disposed of them by spreading. Decision was 
> ae to the city and the decision places such a burden on water “ ‘appro- 


priators” in California that a concerted movement is asked to obtain recon- 


oe Francisco, Calif — —San Francisco has under construction a 35,000,000- 
gal distribution reservoir known as Sutro Reservoir at an elevation of 500 ft 


sea level o on the slopes of Twin Peaks. 


7) ae A new 60-in. steel transmission line is being c constructed from San Andreas 
_ Reservoir to Sunset Reservoir in the distribution ‘system, a distance of approxi- | 


ie. Plans are being developed for the construction of a second pipe line on the 

; 7. Hetch Hetchy Aqueduct across the San Joaquin V: Valley and of a third line 

bid from the Irvington Portal of the Hetch Hetchy Aqueduct : across the south end 

: of San Francisco Bay to the Pulgas | Tunnel. Pr eliminary plans a are also being 

a 7 4 developed for a filtration plant below the Crystal Springs Dam. At a 
all San Francisco water is delivered without filtration. 

. 3a East Bay M unicipal U tility District (Supplying Berkeley, Calif., and Neigh 

Boring Territory) —On November 5, 1946, a bond ‘issue of $12,000,000 was 

voted by the residents of the district to provide funds for the construction 1 of | a 

second pipe line on the Mokelumne Aqueduct extending from Pardee Tunnel 

~ to Walnut Creek Tunnel, a distance of 81 miles. T his pipe line _ will have an 

inside: diameter of 67 in. . and v will be t under a maximum | head i in crossing the 

ic delta of approximately 500 ft . Iti is estimated to cost ‘approximately $22, 000,- 

a 000 and the remainder of the funds required for construction will be prov vided 

from reserves and from. revenue from water sales. Specifications have already 

been issued for the installation of 30 miles of this aqueduct extending eastward 

from the Walnut Creek Tunnel. . The specifications provide for obtaining 

. bids « on steel pipe, cement lined on the inside 2 and gunited on the outside, e, and 

(as an alter native) on pre- “cast concrete pipe with a steel 


pumping plants. The present aqueduct h hasa . capacity of 95 mgd ae pumping 
at the Walnut Creek and Bixler pumping plants, * 


Work i is in progress on the enlargement of the San Pablo and Orinda ‘filter 
San Pablo plant is is enlarged from a ‘present capacity of 
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by ned to a —_— capacity of 54 mgd. _ The Orinda plant is being enlarged 
es F from t the present capacity of 42 mgd to the proposed | capacity of 105 mgd. 
ed Contracts have been let for both jobs and work is in progress. ‘Itis fanicipated 
that both plants as enlarged will be in service during 1947. 


up 
ys) i The district i is constructing five pre-stressed concrete storage tanks i in the 


of distribution system, with capacities varying g from 1 med to 3 mgd. These 
7 storage 1 tanks follow the same design a as described by officers of the district in ; i 
various articles ‘which have appeared in engineering magazines during the 

in few years. contract cost for these five tanks is $388,464. 


Pumping Plant on the Mokelumne Aqueduct, increasing the capacity of the 
od existing | line from | 67 mgd t to 95 pmgd. This plant i is situated in the de delta section — 
_.. ff and consists of two 47. 5- med pumps, each driven by a 4,000-hp an, 
this plant the lift is approximately 450 ft. _ A description of the general layout — 7 
1. and the operation of the plant | has been presented by H. A. Knudsen? — 2 
Ina addition to the foregoing principal items, the district has done a 
)90- | *mount of work to improve and extend the distribution system. This has — 


0 ft involved, during the past year, the laying of some 39 miles of pipe, the construc- m3 


December, 1945, the district completed the construction of the ‘Bixler, 


_ & tion of a number of additional distribution pumping plants, and the enlarge 

ment of a number of “existing pumping plants. 
all pty Long Beach, Calif. —Engineers for the City of Long Beach are preparing plans _ 

for ra new water treatment plant which will remove the color and provide filtra- 7 _ 


“ tion. Water for Long Beach is obtained from v wells and also from the Colorado : 


end Santa Barbara, Calif. - —This community is planning the enlargement of it is 
existing storage on the Santa Ynez River or the construction of a new reservoir. 7 * 
Monterey, Pacific Grove, Carmel, Calif—The California Water and Tele- 


by & 


al phone Company, which serves these and other settlements on the Monterey 
_ Peninsula, obtains its water by diversion from the Carmel River. This com- 


was (a Pany is planning the construction of a storage dam on the Carmel R River to” a a 


ade provide an additional supply to take care of the large ‘increase in consumption. _ om A 
inne 4 filter plant is also being designed for installation a, the existing diversion 
the Contra Costa Canal, California.— —The Bureau of Reclamation expects to 
000, : complete the Contra Costa Canal within the next year, a unit of the Central 
vided Valley Project, through Martinez, Calif. The City of Martinez has de- 
veloped plans for taking water from the canal and has voted the nail rs 
= to for for the construction of a modern filtration plan lant, 


The +The for the years 1943 and 19449 contained a rather 


be in ‘complete analysis of the wording and apparent scope of House Bill 4485, which — 

ooste became Public Law 534, 78th Congress. ~The act seemed to give t the broadest 
powers ti o the Corps of Engineers in the an relopment of the river systems of the 
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United States for all purposes, and authorized to be appropriated more “— 
$1,000,000,000 with which to proceed. The committee has ‘sought 1 the aid of 


an important officer - of the Corps ii in an 1 attempt to understand and express 


534) and other legislation. Some direct and from 
information. which he has so kindly furnished are: 


“The present civil activities of the Corps of Engineers are the result of 
an historical growth beginning with the infancy of our country when mili- 
engineers were the only professionally trained engineers available. 
There is no single basic act of Congress which defines these activities. 
eThe functions of the Corps of Engineers are divided between military 
operations and civil works. The former are broad in scope and are largely 
_ ¢ontrolled by military personnel exercising authority delegated by the | 
_ President as Commander-in-Chief of the Army. _ _ These activities are carried 
on in peace-time periods on a curtailed basis. — ‘ The carry-over includes the 
4 training of Engineer officers and troops both in a small Regular Army and 
in the reserves and the National Guard, and the organization of engineer 
is _ supply including the development of special equipment and the prosecution 
of military mapping, 
“The civil activities of the Corps of Engineers, which originally y were 
- assigned under executive authority of the President, have since been 
- formalized by specific acts of Congress, which delegate to the Sectetary of 
War and to the Corps of Engineers, the duties conferred on the Federal 
Government under the Constitution of improving, maintaining and con- 
trolling the navigable waters of the United States. This delegation of 
authority i is neither comprehensive in extent nor basic in law. It derives 
largely from the accumulation of laws known loosely as the ‘River and 
Harbor’ and ‘Flood Control’ Acts which are passed almost yearly by the 
our navi . Many exceptions, however, to Corps of Engineers control of 


our navigable waters may be found, “of which perhaps most notable is the 
law establishing the Tennessee Valley Authority. 


x 
“The y principal Congressional Acts defining these activities are as follows: 


3 am “q, The River and Harbor Act of 1892 was the first to specify ‘iaaiita! 
‘ ie that river and harbor works were to be performed under the super- 
vision of the Corps of Engineers. == 
— “b, The Act approved 13 June 1902 created the Board of Engineers for 
= _—_ and Harbors, a board of Engineer officers established to 
projects prior to their submission to Congress through the 
Chief of Engineers. This Act, together with that of 4 March 1913, 
established the basic procedures under which navigation reports 
—- the Corps of Engineers are prepared, reviewed and tran: transmitted - 
___to Congress for possible enactment into law. 
Act of 1 March 1917 extended to flood control projects, the 
oN procedure for authorization as was specified by prior Acts for 
River and Harbor Act approved 21 January 1927, in accordance 
: fala - with House Doc. 308, 69th Congress, 1st Session, and the Flood | 
Act approved May 1928 10) authorized a 
- prehensive study of all waterways with respect to navigation, 
Ems water-power development and related water uses, such as flood 
aa domestic or industrial water-supply, irrigation, sanitation, 
+t pollution abatement, wild-life conservation and recreation, but 


did not direct these subjects were necessarily a Fe ederal 
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7 policy on flood control by Con- 
gress. This was modified and expanded by subsequent Acts, 
"particularly those of 28 June 1938 and 22 December 1944, which | 

define the Federal interest and responsibilities on improvements 
for flood control and allied purposes. = | 
ae The River and Harbor Act approved 3 July 1930 provided for 
_ investigation of beach erosion problems by the Corps of Engineers 
in cooperation with local governments; and the Act of 31 July 
1945 established a policy of Federal aid for the construction of 


With respect to Public Law 534, this has had a as. yet little impact a 7 


e the work of the of the Corps. The typical procedure remains as before and is as 


‘a. An item is included in a River and Harbor or Flood Control Act ms 


directing a preliminary examination and survey of a particular 


i ‘This i is assigned to the appropriate District Engineer, who holds a 
_ public hearing to obtain the desires of local interests in the project, 
_and who then prepares a preliminary examination report with a 
view to deciding whether or not the project warrants detailed 
Ae The preliminary report is | reviewed by the Division Engineer, the 
7 Board of Engineers and the Chief of Engineers. If it is ceatien, 
it is returned to Congress and no further action is taken unless a 
new authorization from Congress is received. If the report is 
E favorable, it is returned to the District Engineer for preparation of Po 
- @ survey ‘report which includes a detailed study and estimate of 
The survey ‘report i is reviewed through the s same chain of command 
as the preliminary report. On a major project, a public hearing ~ 
may be held by the Board of Engineers to obtain first-hand in- 
‘formation on the need for the project. Under the Act approved — 7 
99 December 1944 (Public Law 534—78th Congress, previously — 
_ referred to) the report is also submitted by the Chief of Engineers 
to the Governors of the affected tig prior to submission to 
=— _ When the report reaches Congress it goes to the ap- | 
propriate standing committee of the House who may draft legisla- 
be tion to authorize the project. Here again public hearings may be | 
held. Action thereafter follows normal legislative procedure. _ 
“e, After the project has been authorized, the Chief of Engineers pro-— 
ar ‘i grams the work and submits an annual estimate to the Budget 
Director who prepares the national budget for the President. A Fe 
subsequent bill is then introduced in Congress for 
a 


funds” 


> 


The con ith a few works listed in . 
Public Law 534 and knows of a hearing at which local municipalities or states a 
were asked | their desires regarding participation financially. At S80 happened 
that in these cases no a] approved plans have > emerged 3 yet; the fact that these 
plans contemplated that much of the cost oome be borne by the localities — 


benefited v was an important deterrent 


— 
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responsibility. These investigations were extended, under the 
of the Chief of Engineers, by the Riverand Harbor Act 
ublic 
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— Sec, 10. “That the following works for the benefit of navigation * * 
cs, and other purposes are hereby adopted and authorized [these were briefly 
“4 listed in the committee’s previous report] * * * with a view toward pro- 
viding an adequate reservoir of useful and worthy public works for the 
post-war construction program. * * * Provided, that the necessary plans, 
_ specifications, and preliminary work may be prosecuted on any project 
authorized in this Act to be constructed by the War Dept. during the war, 
_ with funds from appropriations heretofore or hereafter made for flood 
control, so as to be ready for rapid inauguration of a post-war program of 
construction; provided further, that when the existing critical situation 
ce with respect to materials, equipment, and man power no longer exists, and 
; in any event not later than immediately following the cessation of hostilities 
in the present war, the projects herein shall be initiated as expeditiously and 
-Prosecuted consistent with budgetary require- 


Much power still exists, apparently. The committee’s site in the 
1943-1944 report still appears: to be pertinent, * “River work which is likely to 
take a a generation or more. has been assigned to the War. Department by yy Con- 
gress Budgetary requirements and the very magnitude | of the task 
will apparently make for slow progress" unless a depression | should occur. 
contemplated assignment to federal agencies of jurisdiction or 
partial jurisdiction one interstate waters and their tributaries is in the matter 
stream pollution. ‘Since’ 1935 federal legislation for the control of “stream 

pollution has been before Congress, 
& desiring the protection of wild life have favored legislation that would 
place stream. pollution control under federal jurisdiction including federal 


court action. Other groups have urged that the States continue their control 


over stream pollution with federal participation in a fact finding and advisory 


cting upon the recommendation of th Sanitary Engineering Division of 


the Society, the Board of Direction pr presented a statement at a ‘a public: hearing 


i the Committee on Rivers and Harbors of the House of Representatives on 


N ovember 13, 1945, regarding several bills that were under consideration for 
coordinating the control of stream pollution. i. The statement in general favored 
H. 4070 and endorsed a coordinating program by 


As: ‘a result of pine opinion as to the extent to which | juris 
diction should be eo provided, no bill was passed: and all bills died with the ses 
Various efforts were made by ; representatives of the different groups inter- 
ested in federal legislation on stream pollution control to secure some agree 
ment on proposed legislation before the new ; Congress met at the beginning of 
1947. ‘The group that made the most pr« progress ; was one called together i in 1 New 
‘York on November 22, by the chairman of the Committee on National Watt 

5 Policy | of the Conference of State Sanitary Engineers. About a dozen persons 


were nt at respectively, commissions and com- 
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nittees of the United States Public Health ‘Service on stream sanitation, 
water works and sewage works associations, the American Public Health| 
Association, the New York State Department of Health, and wild life organiza- 
tions. — An agreement was reached on proposed modifications of H.. R. 4070. 
This compromise draft was submitted to the annual conference of the Associa- 


tion of State and Territorial Health Officers held in Washington on December | 


2and 3, 1946, and approved i in principle. 
i: Salient y provisions in the bill as modified are as follows: The Surgeon General, 
by an advisory board. of nine ‘persons representing federal, state, 
and municipal governments, sanitary ¢ engineering, and industry, would be 
“empowered to. notify state or interstate authorities of uncorrected pollution 
and outline reasonable and equitable measures. (After: two years of f neglect, 


‘legal action may be taken n by any United States attorney. at the request of the 


BD Provisions are also included for a survey of pollution by the Surgeon 

General and for certain financial aid by the federal government. 

— On January 3, 1947, H. R. 315 was introduced i in the House of f Representa- 

tives : and is the bill that carries out the aforementioned suggestions. — ‘At the 

same » time, another bill, H.R. 123, was introduced which included arom of | 

the provisions of H. R. 315, and also includes some provisions for greater federal 

authority that had been in H.R. 6024 and had been « objected to by those who 


is obvious that ‘federal al control of sources of water supply | has greatly 


increased in recent years beyond the original authority for navigation and is 

likely to increase further. — ‘It is the opinion of the Committee on bo 
‘Supply Engineering that the Society i in general and the Sanitary oe 4 


should strive to prevent too ) great a concentration of authority and. to obtain 


proper recognition of the competence of civilian e1 engineers and of their. right 


to share | on equal footing with the military engineers 1 in| the responsibility for ; “a 


these important projects, 


Public Law 534, 78th Congress, contemplates postwar ‘planning ona 
seale—too large apparently to be accomplished without the drive of necessity. _ 
The Society’s activity in postwar planning has doubtless borne s some fruit, Lo 
but, as predicted i in | the 1943-1944 report,‘ the need has not developed. © Many > 
plans to meet active demands. caused by the lag i in facilities. due to the ¢ absorp- 

tion of materials and man power by the war have been, and are being, de- 
veloped and are generally waiting for material and labor to be stor yea 

Many priorities are still unfulfilled worked on § the 


Prorection SaBoraGE, Murua, Aw, Cross 


‘These subjects were treated ats some e length i in | the 1943- 1944 report® bot 
& ‘quickly they have | ceased to be of major importance! i Many connections " 


_ * Proceedings, ASCE, May, 1945, p. 680. 
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“made for mutual aid in still exist, and can useful i in Peace- 
_ time. Not: a few of these were limited by law to the duration of the war. In 
some of these cases a change in law may be worth seeking. 
‘The sanitary ry questions relating to cross connections are still pertinent and 
the wartime solutions mentioned in the 1943-1944 report are doubtless perma- 
7 nent in many cases. The committee would welcome some correspondence to 
develop this subject. further. A letter on this subject from R. F. Goudey, ~ 


ASCE, is inclu included as an an Appendix to to this report. 


Fioops, Hurricanes, 


Although the years 1945 and 1946 did not bring any such startling floods’ 
and hurricanes as the years 1936, 1937, 1938, and 1942, the Water ape 
Reviews issued by the U. S. for 1945 state: There 
_ were notable floods in 10 months of the year / nln ht ame many new records were 


- established, ” Likewise, for 19467 it states, ‘ ding * * intense local floods oc- 


ae Examining the 1945 records more in 1 detail, the February-March flood on 
the Ohio River was the most damaging, being second i in Ohio River flood his- 
_ tory only to that of 1937, although 10 ft lower. Record floods occurred i in 
Missouri, Oklahoma, and Arkansas. By far the largest flood. on ‘the Meyer 
‘formula scale of x N drainage area was that in Sallisaw Creek, Okla., on March 
30, 1945—608 cu ft per sec per sq mile on 181 sq miles, or approximately — 
8,150 Va. This i is a larger rate of runoff on the Meyer scale than that for any 


in the 1940-1942 2 report® of the committee as a maximum in the United States 


flood in the ‘Port Allegany, Pa., storm of J July, 1942, which was noted at i : 


to that time. 


of reached higher ‘on the e Meyer scale than about 3,400 Vi. A. 
Illustrating the damage that even a flood of comparatively low weak rate cal 

do where total volume i is large and channels are constricted, the flood i in the 

Chemung ‘and near-by r river basins in New York and | Pemtvasia i in May, 
1946, flooded the City of Elmira, N. ‘Y., inundated the water supply pumping 
: station, and swept away numerous bridges. _ This flood had a peak rate of 59 
cu ft per sec per sq mile on 2,530 sq miles, corresponding with a Meyer rating 
of 2,500 VA. ; The e total precipitation averaged from twenty- seven stations 


3.77 in. with a maximum of 7 ground was w wet from previous” 


All these published records of floods “— the failing that they omit hy rdro- 
graphs or data to permit the construction of hydrographs. i 
As to droughts in 1945 the record® states: ‘None were extreme either in 
areal extent or intensity * * *.” Noted as of 1946 but ; beginning i in June of 
1945, intense drought occurred in Arizona, New Mexico, Utah and Southern 


- Caleradla, reaching its maximum intensity in June 1946. Stream flows set 


tt Water Resources Review, U.S.G.S., water year 1945, ee en 


«TI bid., water year 1946, p. 3. 


Proceedings, March, 1943, p.4138. 
9 Water Resources Review, U.S.G.8., water year 1945, p. 6, PA. 
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SUPPLY ENGINEERING 
records” damage caused to crops 
| it During the latter half of 1946 and continuing, there has been a , marked — : 
deficiency of rain in New ‘Y ork State and vicinity which has greatly decreased 


bra ie storage and has caused emergency well | supplies to be 


M asonry . asonry Dams. —No new principles in the design of masonry dams have > 
‘come to the committee’ s attention. The ¢ committee is s glad to note, however 
that there is renewed activity, and that conferences of sub-committees. 
"masonry dams have been planned for the January Meeting of the Society. 
“These committees” were initiated at the Chattanooga (Tenn.) Meeting, in 
April, 1939, to further the scanty py on uplift water pressure and ice 

‘pressure on ‘masonry dams. Little real knowledge exists 0 on either subject ond 
‘designs: have been based on assumptions 1s mostly dating back nearly, fifty 1 years. 
Earth Dams.—The « construction of dams been curtailed by war condi- 


tions during the past five y years, , and no important developments i in the funda- 


mentals of desig ds earlier repor rts 


Good practice will continue to > depend on the treatment of soil as a a strue- 
‘nl material, the physical properties of which must be determined by careful — 
testing; and the results of tests must be intelligently applied i in design and 


construction procedure, in accordance -™ findings of the science of soil 


‘To mee meet the essential requirements of safety against ‘overtopping, 
able watertightness, and stability of the foundations and embankment, present-_ 


capacity than had been customary in earlier years, ‘The embankment has a : 
core or section of low permeability m material—with or without a foundation a 


cutoff of soil, concrete, ors steel piling—and outer shells of coarser material for 
- the drainage of seepage. The embankment slopes are flat enough to keep 


- stresses sufficiently | within the ‘shearing resistance of both the embankment and ZZ 
foundation and to provide a an factor of safety in 1 stability. 


: design of earth dams includes the provision \ of a much larger ane - 


‘Such partial failures as have occurred generally resulted from over- 


earth dame of spectacular height and volume have been built peg it 
€ does not follow that the design of a low dam i is simple. Foundation conditions 
-and the soils locally available for fill may make the design of a dam less than 


_ Perhaps the more | notable recent tr trends i in design are extreme precaution — 

- against overtopping, more extensive preliminary investigation, and recognition — 

the controlling importance of adequate provision for safe discharge of such 
Seepage as passes through the so-called i impervious section, 


Both the hydraulic and rolled fill methods bal construction continue to — 
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of the structure—largely | because of the continued development of transports 

tion equipment with larger capacity and higher speed. 
A hus, the Garrison Dam—the first of five ‘projected dams o on the Missouri 


_ River— —is 210 ft high with an embankment volume of 75,000,000 cu yd. Iti is. 


4 “flood of 268, 000 cu ft per sec, is to be provided. The foundation i is reported is 
_ be sand toa depth of 100 ft, with alluvial clay i in some areas, and differential 
- st settlement under the e heavy lo loads of the concrete i intake » structure is recognized 
” a major ‘problem. — The upstream half of the embankment will be impervious 
“4 ‘rolled fill, and a blanket of the same material will be laid on the valley bottom 
fora distance of 1,250 ft above the dam. ~The downstream section of the dam 
> be of random rolled fill, , underlain for drainage by a a 10-ft layer of x pervious 

ti. = extending from the toe to a connection with the i ) impervious section. No 
cutoff trench i in the foundation i is proposed, but steel piling 1 will be driven under 
the ‘upstream ‘slope. ‘The: upstream slope is to be 1 on 3 down to a 20-ft berm 
—s« 80 ft below the top of the dam and 1 1 on 5 from the berm to the toe. . The slope 
of 1 on 3 is to be faced by 8 ft of stone riprap u \p underlain by 18 in. of gravel and a 


The importance of adequate provision for th the safe fe drainage of the shells 


of dee duly 1 related to the shear resistance of the available soil is s illustrated 
by experience at the Saluda Dam in South Carolina. © This dam, 208 ft high, 


was | built in 1930 by: the semihydraulic : fill method. Residual soils were placed 
on a relatively i impervious foundation—with | slopes. of 1 on 3 upstream, and 

lon 2.5 downstream. Shortly after completion, it developed spots, 
a" = and sloughing of the downstream slope; ‘and a settlement of 3 ft 


| investigation, 3 800 ft of 3-ft by 5-ft tunnels, 2 000 ft of 4-ft by 6-ft vertical 
“ shafts, and 7,300 ft of ditches ‘were pany in the saturated sections and 
filled with | stone during the period from 1932 to 1937. In 1943 a contract was 
~ Jet under which a terraced blanket of rock was placed « on the downstream slope 
from: a point 40 ft below the crest to the toe, increasing in thickness from ap- 
_ proximately 2 ft at its upper limit to more than 30 ft at the toe, and approxi 
‘mating 500,000 cu ydi in total volume. — “i Coincidental with this , reinforcement of 
; the embankment slope, the capacity of the spillway was increased s substantially. 
Be The importance of adequate protection of the upstream slope : against v wave 

action—and particularly the importance ofa layer of coarse m ‘material under 
7 ‘paving—is illustrated by experience ¢ at t the Kingsley Dam on the North Platte. ; 
River in Nebraska. ‘The 1- on-3 ‘upstream slope. of this 140-ft high hydraulic 
‘fil dam, built in 1938-1941, was surfaced with pre-cast concrete blocks 4.5 ft fy Per 


~ 

oO 

in 


long and varying in width from 4.5 in. to 6 in. and in depth from 9 i 18 i in. | 
These blocks were threaded on two sets of steel rods and placed with a 1-in. JB an 


aay coarser material deposited by the hydraulic process but which, as built, = tre 
tained little coarse material. Before the reservoir was filled, the concrete ne 
blocks were undermined by wave action from a long is 


a space between the ends on an embankment surface, specified to be heme up ue the tre 
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WATER SUPPLY ENGINEERING 

by grouting 2 and refilling with graded gravel under the moved blocks had d been - 
a inadequate by : a later storm, the final method of repair r included removal, 

n greater part, of the concrete blocks, the placing of a 15-in. filter layer of i 
“grave, graded from } in. to 4 in. in size, and a 3-ft outer layer. of hard limestone 
riprap, of which 5% of the individual stones were to weigh 500 lb and | 50% 
100 lb or more. _ The original concrete block paving was was broken up and used 
in the: riprap. ‘The total outlay | for the 1 repair work approximated $2,800,000 
(according to another account, $3,165,000) of which one third was for freight 

charges on fil filter gravel and riprap stone. The Kingsley Dam experience —- — 

to the economic problem of determining how far local materials should be 


~~ by from more distant sources at greater cost. 


ent beneath the paving by the —— 
waves been by failures i in other dams but apparently 
is not too generally known. The finer material itself must be graded so as to ; 

"prevent its being washed through the joints in the paving. 7 Trouble is generally 7 

confined t to ‘Places where a long fetch produces high waves. 

7 ry A more liberal use of random stone riprap for drainage and protection of 
slopes against wave action is indicated by recent practice. Thus, the Davis 
Dam on the Colorado River, midway between Boulder and Parker dams, is 
being constructed by the rolled fill method, witha ‘comparatively n narrow row central 
impervious section of clayey sand and gravel, intermediate sections of sand and 

Tock screenings, exterior upstream and downstream sections of rock, 4 in, 4 


ine orlarger, 
_ The 1-on-2.5 upper section of the upinen slope of the rolled fill Merriman ~ 

_— , being | constructed on Rondout Creek for the additional supply of ell 

York City, i is to be faced with closely | placed dry rubble paving 2.5 ft thick, laid 

on a5, 5-ft layer of random stone riprap; and the 1-on-3.5 lower section of the 

‘slope i is to be faced with random riprap, increasing in thickness from 10: ft at the 


top to about 15 ft at the toe. The entire , downstream slope « of the dam is to be * 
covered by a layer of stone riprap, increasing in thickness from 8 ft at the top 7 ; : 


wc ft at the toe, which is to be surfaced with loam and grass. a ee: 4 


Various tor the control. of foundation seepage are being used— 
‘steel piling as in the Garrison Dam, an impervious soil cutoff in deep foundation 
trench as in the Davis Dam, and a a foundation t; trench and concrete caissons 
sunk to rock as in the Merriman Dam. | In general, puddle or soil of low per- 
-viousness | are preferred to concrete for the control of seepage, and core walls’ 
ae not generally used unless, as in the Merriman Dam, a deep stratum 7 ‘ 
a A new procedure of some potential » value in the control of silica. 2 
and through-seepage e is the e excavation and simultaneous: sealing of cutoff 

Henches s by clay slurry and backfilling with clay dropped into the unwatered — 4 
trench. This procedure has been developed by the United States Army Engi- 
in work on the Mississippi River levees. The keynote of the procedure 
‘is the possibility of holding the walls of ‘trenches i in pervious material | below . 


‘Gound-water without by the ‘trench full of clay slurry 
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the excavation “The prin principle i is similar to that used in n drilling 

—The tendency to i increase been noted 
in several previous reports ¢ of the committee and is referred to in the preceding 

section on earth dams. , Provisions for as large” a _peak flow as 10,000 VA 


have | been mentioned as outside limits; but, where the reservoir is of consider- 
area, the effect of pondage is taken into account 
: AG The difficulty in in design ¢ continues to be lack of f flood hydrographs or even 

hydrographs. Recourse i is often had to synthetic figures of runoff based 
but this 1 method i is : subject, to widely 1 varying results according to variations end 

ws _ the judgment of the designer. _ The U. S. Geological Survey should perhaps be 

brought closer to o design problems and could then make its excellent hydro- 


graphic records more responsive to this need. 
In the 1940-1942 report,’ reference was made to the rainfall and 
runoff records of the Port Allegany storm of July, 1942. The > committee > has 
learned of the use of these rainfall records as a basis for he design of a a spillway. 
_ The results were a spillway capacity of about 8,600 VA. aan ae _— 
st A general discussion of spillway capacity a at the joint session of the Hydrau- 
lies and Waterways divisions on J anuary 18, 1945, revealed a tendency of some 
: government experts to advocate provisions for the highest possible flood. 


practice of predicting the 1 maximum possible precipitation by use of 


tion seems to have ‘tees. general for large government projects but i is still 


unavailable for ordinary projects. Most engineers recognize that, for other 

* than huge dams: ‘constructed with money, there i is an 
with truth that the maximum conceivable flood panty in most. cases be a 
catastrophe from runoff below the dam even if no breach — in the dam ay 
occur; and, if the reservoir is rélatively small, the differ ence would not be 7 


The late Thaddeus Merriman, M. ASCE, once stated that one should 
a spillway as large as the Lord permitted. _ The words were not intended to be 
taken in in their most literal sense—what he ‘meant was that, if nature provided 
topography favorable to a large. spillway, the e1 engineer should take advantage of 
: te However , there are considerations other than capacity—namely, | those of 
freeboard versus” length. long spillway crest causes the intensity of all 
ee floods downstream to be increased by "reducing the effect of pondage back of 
the, dam. Hence, in original design or in improving existing ‘spillways, ‘the | 


proper emphasis would seem to be on high freeboard rather than on excessive | ; 


length of crest. — Improvements to existing spillways which consist merely of. 

increased length of crest might easily be considered by downstream residents. 
as a mixed blessing, to say the least. 
faa - ‘The spillway question appears to be one that will never have official or 
even technical society standardization ; the tendency, however, is — ' 
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CENTRIFUGAL PUMPS: 


A has" kindly furnished the committee with 
information or paraphrased i in this section. ‘There have been no 


maintenance costs, itemized briefly as follows: 
= (a) Shaft packing has been given much study, because largely of the require- 


‘ments of higher pressures. By experiment, mechanical seals have been de- 
veloped and are being used successfully, particularly on “tough” jobs. The 
‘coomiied e's ipformant forecasts a perfected mechanical s seal requiring » no at- 
| tention for months, and giving g low maintenance costs ane little * ‘outage’ * for 


ey vane and internal well ell as contours of volute, 


+ shafts. 7 Carbon steel shafts are still the rule but use of stainless steel of from 
—iN% to 13% chrome type is increasing because of its resistance to wear from _ 
“grit. 7 Percentage of chrome must not be: too high or there isa a tendency to seize. 


 @ For small- sized and medium-sized bearings, ball bearings : are increns- 
with g success. On units, bearings are uni- 


used for both impellers pe case rings. 


Investigation of the causes of ‘noise and cavitation has been continued. 


of f centrifugal pumps.” ~ Too high speed for the specific conditions is believed to | 
be the head and suction conditions must all be carefully 
considered if a pump is to be free from cavitation and noise. r vo 
- (h) “Many operators | seem to fail to consider that such improvement has 
_ been made in the ‘efficiency in centrifugal | pumps in the past 10 or 15 years” 
that pumps purchased 20 to 25 years ago should be replaced because of their 
| higher p power costs.” — The committee’s informant believes that pump n makers 
have not emphasized this fact sufficiently. 
VALUATION OF PuBLIc UTILITIES 


The 1943-1944 report’? of the committee on n the 
_ disposition of the important 1 1943 and 1944 reports of the Committee | on hol 
dation of the National Association of Railroad and Utilities ‘Commissioners _ 
(NARUC). complete and accurate information from 
- official report of proceedings became a available later and will be given briefly. ‘ ~~ 
- ‘= The 1948 NARUC report recommended and developed i in detail the use of 4 4 
- straight-line, age-life depreciation based on original cost. In the 1944 report, _ 


NARUC committee reiterated these but, probably in 
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and soften the recommendation that is in n deprecia- 
- tio reserves resulting from the substitution of the ‘straight- line method for 
used sinking fund or or ‘other “methods | hitherto 


that had not been distributed. If the latter were deficient, any lack w would 

~ have to be amortized out of future earnings but i in ae without allowance il 

correspondingly increased rates. 


me _ The NARUC depreciation committee reports of 1943 and 1944 were at- a 


tacked in ‘reports: of a special ‘committee of the Society,” by a ‘committee o of 
American Water Works Association (A.W. A. and by various utilities; but 
the NARUC committee maintained its views. 
These 1943 and 1944 NARUC committee reports were con 


sidered at length at the general meeting of NARUC i in November, 1944, Two 

(1) ‘The original motion, offered t ws the chairman of the Depreciation Com- 


“mittee, ‘contained the words, 


: ty eas “Resolved, That the principles and conclusions stated in the said reports 
recommended to the Commissions represented in the membership 


their consideration and guidance, ‘subject to such in 


“necessary in ¢ he pub lic interest” and 
; eae (2) A substitute motion n worded | w the president of NARUC in the: 
> interests (as he expressed it) of harmony, contained the wording, a 7 


“Resolved , That_ the reports of the on Depreciation be 
ia to the Commissions represented in the membership of this — 


— for their consideration and application, subject to such os 
tions in practical application as they, in their respective meanest cadl 


an 1945 or 1946. a chairman under whom the 1943 and 1944 reports. a 
depreciation were developed was appointed membership in the Federal 
Under the decision of the U. 8S. Supreme Court in the Hope Natural Gas — 
iat noted i in the committee’ 8 last ‘report, a and another decision i in a pipe line 


; “aie ‘of the 1938 F.P.C. act under which the cases were brought, but they oe 
4 did i in effect give the commission a free hand as to the mental process by which 
it arrived at its conclusions, stipulating only that the Tesults should not be 
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‘? Subsequent cases that have come before the FP P.C. during 1945 and 1946. - 
are reported to have been settled in the same manner as the Hope Natural Gas | 

case—namely, on a basis of investment cost without reference to “fair value.” 

This tendency may be considered as the present trend in valuation and the 

- results are accentuated by a tendency to give g greatest weight to original con- 

struction costs and straight-line depreciation. “Fair value” ’ is seldom given 

- weight except in states where the law ‘requires such consideration. ' — 

_ retroactive regulation bears heavily « on yn. persons who had previously invested 

- in co common and preferred stock when other court decisions were ruling. A 

recent pronouncement by the F. P. C. seems to confirm the views on present 

trends as expressed i in this report. Referring to: an agreement on on “cooperative 
a. with the Arizona State Commission, the F.P.C. states that its rate © 
survey will not include the ‘making of “fair value” but will be undertaken ‘Gn 

~ accordance v with the standard rate- making mennelbies adhered to by the F.P. Cc.” 


COMMITTEE OF THE AMERICAN WateR Works) ASSOCIATION 


The activities of the . A.W.W.A. Committee on on Survival and Retirement Ex- 


perience with Water Supply Facilities should be noted. committee— 
: among whose | members are several (including the chairman) who are also mem- -_ 


bers of the Society—has nearly completed its formal work and has supervised 
a a coordinated the collection of a mass of data on the subject indicated by its 
title, covering thirteen municipal and eleven private water plants spread over 
the United States and one ‘municipal plant i in Canada. Survival and. ‘retire- 
e data on pipe lines, hydrants, valves, services, , meters, and other property 

have been tabulated by years. The results have been | published i in n the J ournal 

of A.W. W. A. and will be bound into a volume when paper becomes available. 7 


- The conclusion seems inescapable that water supply aiaaad is much more 
“enduring than had generally been assumed 1 previous to this study. I It was the 
contention of some ws water supply e1 engineers at hearings before the NARUC. 
_ Committee on Depreciation that there was so little retirement of ai la 


4 - pipe even in the older water works, that there was no basis for computing 


‘depreciation by the life-age ‘method. Longer lives are now being assumed 
generally, based on the data assembled byt the A. W.W. W. A. committee. — . 
= PURIFICATION AND PREVENTION OF Corrosion: 


Chlorine of water treatment is very in the 


field of taste and odor removal, particularly where phenolic compounds are 
‘Tesponsible.. . The equipment is s simple bt but the cost is relatively high. 


an Deaeration.—Increasing interest is being. shown in the deaeration of water 

corrosion control. It will be recalled that the first example to be promi-— 

=~ mentioned and described was at a sulfur plant ; at Grand Ecaille, south of 

Be ew Orleans, La., where some t ten years ago —_—— process, was applied very suc- 
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for pipe page plastic tubes have been used to a limited extent for 

about six years. At least one type was found to be attractive to rodents, 

_ whether for food or as a tooth polish has not been stated. 
Demineralization of Water. —Water has been demineralized successfully | 


The } process is somewhat complicated for public water supply and the cost is 
too high for a any but necessitous cases. 

Proportional: Chemical Feeds. .—There has been a gratifying in 

2 - the field of apparatus for the application of chemicals to. water, especially i in 

_ the production of proportioning pumps for solutions of hypochlorite and other 
lon ol 

. aay Cathodic Protection. —The technique for the cathodic protection of tanks 

4 has be been elaborated in what seems to be a scientific m: manner and the use of such 
equipment has expanded “rapidly. . However, close inspection ‘and accurate 

of surfaces, both and unprotected, with all other 
There i is room some real re 


electric current densities, etc. This i is not to say 


a that the companies installing : such apparatus have not intelligently ‘used the 
; water works tank installations of the United States as a practical laboratory; 
how ever, as far as the committee knows, there are no impartial scientific re- 
= of results. _ The. matter of exterior attachments fo for the application | of the 
protection is still rather a mystery. 
Standards, United States Public Health Service S.P.H.S.) —The new 
S. P.H.S. standards! seem to have been well received. Some members of the 
committee wonder if the child of the future, , brought up on — chlorine 
residuals, will regard all chlorine-free water a as distasteful. ‘ae 


WILLIAM W. Bruse  Taomas H. Wicain, Chairman 


7 
Committee the ‘Sanitary Engineering Division « on 


CROSS-CONNECTION PROTECTION 


R. F. Goupry,* M. ASCE 


Before the end of World War armed forces at waterfront areas 


were making considerable progress in preventing backflow from ship pumps 
into domestic water systems by installing | backflow devices at pier- 
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San. Engr., Bureau of Water Works and Supply, Los Angeles, Calif. 


head commadtieies, This program has more recently been further promoted 

by the various st state department of health engineers in certifying water for 

use on interstate carriers. In most instances, the ‘protective device used has 

been the double check valve 

The University « of Southern California at Los Angeles has. 

$30,000 foundation to test existing types” of backflow protective devices and 

to set up principles of backflow protection, and proposes t to determine e specifica : 

tions for such devices. One | of the chief health hazards of any water distribu- 7 

tion system is the possible pollution through cross connections at times when 

backflow conditions have become established. It is of little avail to outlaw _ 

the existence of cross connections if the incentives to take advantage of the 

quantity o or pressure of the domestic supply have not been removed. Water | “ 

piping systems must terminate in fixtures or water-using devices which in 

their inherent nature are cross connections that cannot be eliminated. Itis — 

necessary, therefore, to rely on mechanical devices which should be designed 

for different conditions in proportion to the danger o or seriousness involved. _ : 

_ Them most promising general type of backflow device for use under pressure is 

the equivalent of a double check valve installation such that the pressure in the 

intermediate zone is always maintained below that of the incoming supply. 

This is equivalent to “air gap” ’ protection. — Such devices, when standardized, 

provide full protection - up to the degree of inspection service rendered, , which 

‘is considered ss safer than trying to rely on absolute physical separation, | which _ 4 


becomes zero ‘whenever an unprotected cross connection is made. 
ee In the Los Angeles Harbor area, more than $3,500,000 has been spent s since 
19423 in protecting all waterfront piping systems against b backflow. In addition, 

protective devices have been installed on all fire service and domestic services 
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P BY THE EDITOR © 


: Since the printing of this paper. in Dieu, 1947, Proceedings, a plan has — 
been approved by the Society’s Committee on Publications for enlarging and 
simplifying | the entire treatment of this: subject. One immediate result will 
be to defer the ‘printing of. discussions. Their submission is meanwhile en- 
couraged, particularly while the interest in these ‘subjects i is high, even though | 


the actual : appearance of the discussions in | print may | be mnegen, so = 
The paper has been | “in the works’ for months. _ Meanwhile a 
Congressional directive has started an intensive official study of the entire 
broad Panama Canal development. An eminent engineering consulting board, a 


as reported in October, 1946, Civil Seales (page 471), in addition to the 


regular Ps Panama Canal staff, has been busy on this work under direction of the 
Governor General J. C. “Mehaffey. Out of this study are expected to come a 
umber 0 of f technical papers of special interest tc to 0 civil engineers. These, h how- 
ever, cannot be released until the report itself is ; submitted to Congress toward 


~ herefore, the ‘Society is cooperating in arrangements looking tc toward a a 
broad symposium on the Panama problem at its J anuary, 1948, meeting, 

- Covering plans additional to the present Society papers. Because the paper by = 
Captain DuVal is thus restricted for a short time, the Committee on Publica- — 
tions has concluded that discussion of the over-all subject would be more en- “4 
lightening and productive if all printed discussion were deferred until such time 

a8 it. can encompass the expected as well as ; the presently available papers. 0 
_ If for any reason the engineering report of Governor | Mehaffey to Congress. 


is delayed beyond I a. 31, 1947, it is the intent of the Committee on 


ia hoped, however, that 
by eet over r the intervening discussions, printed comments on the p proposed — 
. Symposium as well as on the DuVal paper may come out concurrently after 


Nore. e.—This ‘paper by Miles P. DuV al was: in February, 1947, Proceedings. 
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ENGINEERING BUDGE 


R. Howson, ASCE, author i is in 1 agreement with | the 


are rising. He pet agree with the second statement that they are ina a‘ “stage 
af unpredictable flux. All engineering construction costs necessarily a 
matter of prediction. N Vothing can be built in the past and therefore the engi- : 

“heer is directly concerned with future construction costs. The past serves _— 

only as a basis for his estimate of the « costs and conditions ‘under which work 

That it is practicable t to predict with accuracy ‘the. effect of wars 
upon construction. costs is s well indicated by the forecast made by the late John 

W . Alvord, Hon. M. ASCE, reproduced as Fig. 3. In this forecast, made in 
1920, Mr. ‘Ave’ predicted not only 7 the lowest level which | prices would reach 
following | World War I, but also predicted that the low point v we be reached a 
12; years after the date of his forecast, or i in 1932. 

t. Mr. Mendelsohn indicates that the author’s analysis of totems of construc- : 
tion cost is inadequate in that the relationship of wage rates to high construc- 
tion costs is believed unduly stressed. Reply to this suggestion is offered by re re- 
ference to Fig. 5, which shows the relation between wage rates and construction 

cost from 1913 through 1945. The fact that Fig. 5 discloses the generally 
close relationship cannot be disputed either during a period of rising ora 1 period oe 
of declining costs. For illustration, in the 33-yr period from 1913 to January, — 
1946, the Engineering . News-Record (E. NR. ) construction cost index increased 

‘from 100 to 316, while the average hourly wage rate of skilled and common 
construction labor increased from 100 to 353 i in the same > period. 

In the shorter upswing ; during World War II—that i is, from 1939 to April, 


« Notr.—This paper by Louis R. Howson was published in March, 1946, Proceedings. 
Paper has appeared in Proceedings, as follows: January, 1947, by Isador W. 
Cons. Engr. (Alvord, Burdick and Howson), Chicago, 
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OWSON ON ENGINEERING BUDGETS 


in Engineering News-Record for February 20, 1947, the E.N.-R. construction 
cost, index rose 12. 3% while skilled construction labor wages rose 10.8% and 


7 Similarly, at the beginning of the depression from 1930 to 1932, the E. e E.N-R, 


_ construction cost index decreased 23.1% while during the same period the aver- 


a age reduction in common and skilled labor rates wa was 25. 2%. On the long ng Up 


as compared to the. increase in ‘common n and skilled labor hourly wage 


Ss ae In this connection it was stated in in the paper under the oe “4. Effect 


Iti is ‘significant that as of January 1, ‘1947, one year after the paper was si 
“sented to the Society, the E.N. a construction cost index was 381. This 
- short term prediction of the effect of strikes, wage increases, and cost increases 
also indicates that construction costs are not wholly in a hea of ‘ ‘unpredict- 


Mr. Mendelsohn quotes from. Beardsley Ruml, Thurman Arnold , Harold 
£L . Ickes, and others not experienced in engineering construction to develop 
what is sopecendiy his premise that there are vested interests : among contrac- 
tors and materials’ suppliers operating i in n restraint of trade and that the result is 
: higher costs in the building industry than would otherwise be 1 necessary. The 
author would call attention to the fact that not the least of the “vested inter- 
ests” is organized | labor under the control. of some labor leaders. — le. | in 
Since Mr. Mendelsohn has based much of his discussion upon of 
those not in the construction industry, the author presumes to reply in kind 
from an editorial from the Chicago Daily News entitled ‘“No Building.” ” The 


‘In the f face of these Universit [Evanston, 


aks ze, Ill.] has been forced to abandon a $3,000,000 building program—including 
at dormitories, classrooms and “hospital facilites— because building costs | 
have increased 75% during the last year. Loyola University [Chicago, 
Thi is considering a two year moratorium on building. The University 
he Illinois [Urbana] is in process of curtailing a huge building program to 
“There is another example of how high material prices and high wages 
in the building trades; and monopolistic control by union labor works 
against the public interest. _ The 75% increase in building costs is due in 
a part to the increase in building wages; in part to the increased cost of mate- 
_ ‘vials. The increased cost of materials, in turn , is largely due to the in- 
creased cost of the labor that goes into their production. 
“Because the building trades unions have a tight monopoly over all 
io building operations, new materials | and new construction methods that 
could save time and money are banned. Because 
elo 


om 


in? 


cot 


(a. 


— 
— 
stru 
side 

‘Test 
ma 
ar II strikes, wage 
ases. These might _w 
th 
fol 
— 
— 

Ae 

— 
= 
— 
* 
— al 
d 

— deman 
ar d, thus maintaining an artificial scarcity of labor. > 


April, 1947 OWSON ON ENGINEERING 


Because of those — necessary to public wel- 
fare cannot go ahead. Monopolies i in restraint of trade are forbidden by 
labor operates in restraint of essential building. But union 
labor is exempt from regulation as a monopoly ; ae ek 


Mr. ‘Mendelsohn calls attention to the ‘effect of building codes upon con- 
edie costs. Certainly there is much room for improvement through the 


‘modernization of building codes. 7 


Mr. Mendelsohn discusses the E.N.-R. construction cost index at con- 
siderable length. This index obviously does | not attempt { to reflect the prices — 


resulting from the e iniquitous black market practices in the sale of construction — 

“materials w shich are referred to by Mr. Mendelsohn as existing during the period | 

of the late Office of Price Administration. 

_ From Mr. Mendelsohn’ 8 statement with r respect ; to the dependability of the. 
_E.N.-R. construction cost index in which he refers to a paper by the author 

reported | elsewhere” it might be inferred 1 that the author does not consider 
the E.N.-R. index reliable. That i is far from the fact. To clarify the author’s 7 

position the entire paragraph referred to ‘Mr. Mendelsohn is reproduced as” 


follows: 
“Construction Costs VS. | Construction Cost Indexes 


normal times, the Engineering N Construction. 
ne Index is a valuable and reliable aid in translating costs of one period into 
estimates for another. However, 1946 is not a normal year. The con- . 
. Seen industry is beset by fear—fear of strikes, uncertainty cone 
_ labor rates and efficiency, inability — to secure materials when needed and 
% to contract for materials at a fixed price before bidding, and fear of govern-— 
and union- -imposed restrictions affecting performance and costs. 
These all operate to restrict bidding and increase the allowance for -. 
_ tingencies and the total cost. These hazards are not reflected in construction — 
_ costindexes. Accordingly, in 1946 it is practically the universal experience 
_ those attempting to let work by contract that the prices bid much exceed 
those estimated by adjusting ‘prior ¢ construction costs according to the 
Comparison of labor performance in building construction and in mass 


production i industries cannot be fairly made e. Br Buildings are, and to a major “a 


extent always will be, individual ‘units built at scattered locations : and each is 


‘essentially “custom built.” de, ‘There is no production line in general building | 

construction. Production line methods do not apply to building construction 
and, with. to. dwellings, standardization appears not to be 
desired by those who need living accommodations. = 


author agrees with Mr. Mendelsohn that ned planting results" in 


ie in cba costs but good planning is essential at : all times and | cannot balance in- 
ate 


in- it be | that ev every enginee 
an” of economic study and development. 
The author appreciates the analysis of construction cost factors and their 
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DISCUSSIONS 


IT-STIFFNESS RELATIONS 


PRISMATIC ‘MEMBERS 


— 
Discussion 


Winuram A. -ConweELL, ASCE.*=—The merit o of ‘this: paper lies prin- 

~ cipally i in the fact that it extends the theoretical horizon of moment distribu- 

7 nd tion. _ Many ¢ engineers, faced with tk the prospect ¢ of repeated analyses of a prob- 
lem by moment distribution, have cast about for a more direct method of ob- 


_— taining results. Their search usually brought them into contact with a variety 
4 of equations which separated the designer’s mind from the physical character- 
istics of the structure under consideration. _ Since ‘ “avoidance of such general 


“the first encounter with algebra, and a quick retreat to -distribution 
7 fundamentals was effected. The author, however, was rewarded when he 
continued his ‘probing after first discouragements. Although use of the mo- 
-ment-stiffness relations does involve formulas, these latter - are intimately 
associated with th the fundamental physical ¢: characteristic of the change i in me 


_ An inspection of ‘Table 1 is enlightening i in this regard. . Itv will be noted, 
for instance, that a stiffness-char of 10% in member AB produces a 
change of —8.4 8.44in but an equal 10% stiffness-change ratio, in ‘member 
BC produces a greater change, +11 08, in Mga. © Similarly, a 10% value of 
a = tt in member AA’ produces a change of +7.10 in Maa’, which is less than the 
_ —12.38 change produced by a similar 10% value of i: in member AB. It is 
but another step to observe that the effect of a change i in stiffness on a bending 
- moment does not ‘necessarily increase with the proximity of the member in 


which the stiffness change occurs. For example: A 10% value of i; in member | 


a9 _ Nors.—This paper by George H. Dell was published in May, 1946, | Proceedings. — on this 
‘paper has appeared in Proceedings, as follows: October, 1946, by I. Oesterblom. 2 


5 Gen. Engr., Structural Eng. and Design Dept., Duquesne Light Co., Pittsburgh, F 


$**Analysis of Continuous Frames by Distributing Fixed-End Moments, ” by Hardy Cross, 
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AA’, the one most distant from member CC’, produces a change of +1. 84 in 
Mcc’, which is almost as great as the +1. 94 produced by a 10% value of te 
in the adjacent member, BC. From 1 the foregoing it may be readily con-— 


duded than a change in stiffness in one member cannot be made without the 


possibility of a profound effect on even the most distant members of the frame. — 1 


With a a view v to comparing a a analysis with a direct analy-— 


writer designed the rigid frame of f Examples 3 and 5, employing direct methods ~ a 
only. ‘The third direct analysis— —that is, the yey after the o original—pro-_ 
duced the values given by the author in step (7), Example 5, as the results of 
his final direct analysis used to check the moment-stifiness method. The only 
variance of any significance in those data was in the 132.0 kips obtained for F S 
in member AA’ as a: 133. 33.7 kips. ¥ Accordingly, in in Table 4, the autiar s 

“TABLE 4. OF RESULTS. OF Mower. STIFFNESS 


= Direct Stiffness | Direct 
_== 
Value | Error, %|—— 7 
Srror, % Value 


136.5 | +2.1 5 | | 136.5 | 
“92.8 


—0. 

822 | —65. 
5. 

9. 


| a 
133 | —24. o| —62 | 166 | —5.7 
132 ‘| +168 16.9 +62 115.9 | +2.6 


9 
2 
1 
3 
4 


values were “inde as the final correct figures, and the several Stages of the two o 
methods of ¢ analysis are compared — with the final results. As may be seen, 
each successive cycle of the direct analysis steadily approaches the final Somes. 
The second cycle. of the moment-stiffness analysis | compares favorably with 
that of the direct analysis; but the third cycle of the e former i is erratic , When 
compared to the complete ‘conformance of the latter with | the final results. 
The differences small in magnitude, insufficient to produce 
changes i in section, and easily explainable by the unusually great differences — ' 
between the stiffness of certain members in the final design and those in the 
AS to the > comparison « of the amount of work, the direct method mg eee 
four analyses — for e each cycle—one each for uniform loads on members AA’, 
AB, and d BC, and one for a horizontal load at the top of the > frame—a total of — 
twelve analyses. ‘The r ‘moment-stiffness method initially r requires four analy- 
ses, one each for moments Ma, Mp, Mc, and mp. . If the recommendation in the 


“Synopsis,” that “the final results should gener ally be checked by direct analy- 


‘sj is followed, four additional wena es 5 will be required, making a total of a 
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‘CONWELL ON MOMENT- -STIFFNESS REL 


moments in each of the methods in 
would seem to indicate that the choice i is between four direct analyses | of the 
structure and ten substitutions in Eq. i Both ‘methods require a certain 
amount of superposition and gee of analyses, but these would rend 
be one of personal preference, rae ‘the labor involved appears to be about the. 
same. Elimination. of one condition of loading would t throw the balance sharply 


less 3 analysis would be required in each: 


to the moment- ‘method since, in the direct use. can 
be made of ma, mp, me, and mp computed for each cycle and the number of 
analyses per cycle can be held to a ‘maximum of four. 

a _ The second paragraph under step (4), Example 5, should be carefully fol- 
~ lowed in conjunction with Table 2 to be readily understood. However, the 
appreciation of designers i is gained by calling attention to the check that the 
sum of coefficients of 7 in any expression 1 for dM equals zero. — _ Another valuable 
feature i is ‘the analysis of multiple-span peaked bents in “Appendix 2. 
- Finally, the author has exhibited a fine sense of balance in presenting the 
"paper { for what it is worth , allowing it to stand on its merits and making no 


claims: that cannot be by a reading o of the paper and practice i in 
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"CRITICAL STRESSES IN CIRCULAR RING” 

7, 


, the A. RipPERGER,” Esq., AND ‘Davips, 27 Esq. Messrs. Philippe 
t the Mellinger have “described one practical application involving the use of he 
1able | theoretical calculations contained in this paper, and, as Mr. Popov has sug- : 


7 gested, there are no doubt many others. The wide variations i in the n nature of PS: 
x the the stress distribution at the so-called critical section, as illustrated i in Fig. 2, 
ig no | make it necessary, however, to use a great deal of caution in applying — ae 
ice j theoretical results to the calculation of failure stresses for even Telatively 


brittle materials. — To illustrate and emphasize this point the data in Table — 
6 have been compiled. These computed failure ‘Stresses for conerete Hinge 


ore 


LE 6. STRESSES. FOR Cononere ‘Rive Gs* 


3 = = 
re Te Specimen 1 2 Specimen 3 | Specimen4| / 


1,780 ‘1790 «| «61,750 «| 1,820 


Compressive strength®.............| 6,720 6,680 6,630 7290 6,830. 


* Unpublished results of an investigation by L Ohio River Division 1 Laboratories, Mariemont, Ohio. 


Compressive strength, in per square inch, of 6-in. by 12-in. 


Specimens were moist cured for 28 days before testing g and the maximum 
‘in of the aggregate was approximately 4 . in. | The apparent i increase in tensile 
cota as the value of # decreases is believed to be due chia to the decrease 


Math. Dept., Hopkins Univ., Baltimore, Md. 
Received February 13, 1947. 
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> iscussion on this paper has appeared in Proceedings, as follows: October, 1946, by Robert H. Phili —— 
Frank M. Mellinger; and November, 1946, by E. P. Popov. hil ppe and 


* becomes small. 


cause failure, than @ similar deformation would cause in a ring with, say, 


= 0. 3. It will also ‘be noted that variations of calculated strength from n speci- 
to | specimen are greater for f= = 0.1 than they are for larger values of #. 
- | ‘This may b be attributed to the fact that, for the case where # = 0.1, the | hole 


in the ring g represents : a the same order of “magnitude as the 
discontinuities introduced by the larger aggregate particles. 


. | fit Popov it ‘implies that the use of coefficients taken from the 1 nonconvergent 
— boundary stress series in the development of a , convergent series to represent — 

interior stresses is a questionable procedure which should have been avoided 

by the use of Professor Timoshenko’ s method. Although it is certainly true. 

that nonconvergent | series must be used caution in mathematical 
ca processes, the procedure { followed in this paper is shown to be quite correct 


discussion of that point and the continuity "proof, Eqs. 14, 15, 16, and 


in mathematical physics have been solved by 
series. The quanti ring problem is another example. 


stress The q question does arise, “however, when any practical ap 
; ‘plication of the cale ulated results is contemplated, and Mr. _—s is to be co com- 


‘The e authors are indebted to Mr. Popov for having brought 
some excellent work done on this problem, of which they iain unaware at the 


time of their own ‘investigation. 
wid 
‘line 8, change ‘ “and, for 0 0 au 0 = to ‘ ‘and, for 0 6 on 
page 161, line 15, change substituting a= =2 to 
f substituting 6 = 2”; on page 163, ‘Table 1, change t the entry for | f= = 0.5 by 
t/t. = 0. 8 from 1.6168 to 1.1 nds on . page 166, Eq. 19 should read 


> 
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ee in linearity of the stress distribution at the critical section as " 
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« ‘*An Introduction to the Theory of Infinite Series,”” by T. J. I. Bromwich, Macmillan Co 
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DISCUSSIONS. 


METROPOLITAN — 


o 
Discussion 


A 


great need—a of means of express highway 
- trafic through cities and suburbs of a metropolis so as to produce a free flow 


ae Development o of the highway and its design have na naturally followes red d closely 
“upon the development of automobile. the at automobile first made 

2 


E was s shortly inerensed to 18 ft with an . allowance of 9 ft for a width of lane; a 
highway was made 36 ft wide. ‘At that time the general prac -actice was 
to use 60% of the street width or right of way as roadway, thus providing a 
86 re road d width for a 60-ft city s street or highway. = Most city streets have been 
Bs out on this ratio basis, e1 even to the 100-ft-wide express | streets in which the 
ioe has a width of 60 ft. ~ Lane widths in state highway design specifica- 
tions were set at 9 ft as standard, and remained so until about 1941. 
z In recent years this lane width has been gradually increased to 12 ft (par- 
é - ticularly ¢ on express highways) , With a a provision of 5 ft or 6 ft (in sc some instances, 
as much a as 12 ft) fora “parkway” separation between the two sets of lanes for : 
- traffic in opposite directions, and with additional provisions for gutters and 
"shoulders on either side. _ _(neidentally, i in all this express highway planning, 
including New York and New Jersey state highways, nowhere hes the writer _ 


8 seen any provision for the pedestrian—he is the forgotten man.) iw 


> 


. Ps Despite | the widening of the lanes, perhaps | because of such widening, it is 
at all unusual to find | cars straddling two continue 
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Norz.—This paper by Joseph Barnett was published in March, 1946, Proceedings. Discussion on this 
4 | al has ey as follows: May, 1946, by Harry W. Lochner, and Fred Lavis; September, 1946, by = eS Pe 
Homer M. Hadley, Donald M. Baker, W. J. Van London, Merrill D. Knight, Jr., and R. H. Baldock; fa eis 
1946, Jacob Feld, Harold M. Lewis, Theodore T. McCrosky, Spencer A. Snook, Lawrence 
& Waterbury, Bernard L. Weiner, and George H. Herrold, and January, 1947, by Ralph R. Leffler. 


EXPRESS HIGHWAY PLANNING Discussions 


other car and -miscalculating the space available for that purpose, especially if 
a bus or a truck is one of the vehicles involved. - The only way to avoid these 
all too frequent occurrences is to provide barriers between the ianes of traffic in 
the same direction; to prevent such crossovers except at ¢ definite lo locations, say, 

at one-half mile (or perhaps one-quarter r mile) intervals, w with p proper ‘safeguards 
similar to those for the many points of merging traffic from roads entering into 


the express highway. . The writer Se electronic control i in the future. > 


a sufficient height (15 in. minimum) to eliminate the vendilitiey e ‘vehicles 
: _ mounting these curbs and at the same time to discourage the motorist from 
_ driving too close to them. F urthermore, this: s would simplify , the assignment 
_ of a definite lane for trucks and other slow moving vehicles if desired. - Hazards 
_ of sideswiping and similar accidents would be reduced toa minimum. _ Another 


advantage i is attained in the of the cost of. grade ‘eliminations across 


__ Provision of the 3-ft-wide barrier between ssid in the sa same di- 
rection permits locating i in that s space ce the columns or piers required for a bridge. 
in the event of grade crossing elimination over the express highway (a railroad 
_ overcrossing) and eliminates the necessity of long-span construction, which is 
iP _ evidently far more costly than that for short spans. Also, where soil conditions 
are poor, it may obviate t the necessity of ‘expensive foundations by the substitu- & 
tion of a spread footing. _ This may be all that is required to carry the light 


ai - reactions resulting fr om short-span design, while heavy foundations are likely _ 


a cite ‘a actual example: At Fox Hill, Mountain ales N. J., state heh, 


“length had it been possible to provide these barriers and hence : space » for “f 
location of columns or piers between each lane. It is quite evident that 103 lin 
"4 ft of ‘girders for four 26-ft | spans , would weigh : a fraction of that for one 103- ft 
_ span, particularly for railroad loading, and that the sum of the reactions of the 
spans would be similarly reduced for the footing design. 
Where the express highway i is the o overcrossing in a g grade elimination, 


“ provision of this 8 space for barriers will make available shallower floor depths = 


ts ‘because the floor system need sf span only the width of one lane with girders — 

ae located in the barrier space, and the 15-in. or more available depth above t the - 
he Toad surface may prove sufficient ! fora | depth of girder of moderate span length, 5 


go that the girder itself (or a pair r of girders) may act as the required | barriers. 
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Moreover, the great majority of crossings between highways and railroads are 
at angles other than right angles, resulting in skew bridge structures of increased 
-_ . a Railroad (D.L. and W.R.R.) at an angle of 26° 19’ (a skew of 63° 41’), requiring 9 
— length of girder of 103 f he required lanes in J ™° 
ie. x a center-to-center span length of girder o 3 ft to span the required lanes in 
— 

— 
ill 
ON 
— 
— = 


April, 


there can be an example o 

‘Highway route No. 83 crosses the D. L. and W. RR. recto at Clifton, NJ. ., On 

4 proposed bridge over the four railroad tracks. The plans —, for the 
girders to be 54 ft apart on each side of the 16-ft center “parkway” or “island” 

to accommodate the lanes it in each direction. - For this condition a ve a 
depth i is ‘required. It is evident that a drastic reduction in this floor depth — 
would result if the girders spanning'the tracks were only 12 ft apart (in the 
barrier space) with additional resulting economy in in the length of approaches | >: 
required for this reduced floor depth. | Numerous cases could be cited, but. 


these have been selected because of their emphasis. 


_ Approximately 25 years ago the writer proposed to the New York City 
authorities a remedy for the traffic congestion on the avenues running 
north and south, in the form of elevated sidewalks providing 1 two additional 


“traffic lanes, instead of the 25-ft sidewalk space, in each direction for local 
4 traffic, with pre-cast bridges spanning the intersecting street roadway openings. — 
‘Tt was then emphasized that the shops would benefit thereby i in having two 
- stories s of display to advertise their merchandise. Aa a “matter of fact, this 
if emedy could be applied as as well to all the crosstown_ streets no now so congested 


aa _ The writer hopes these comments will receive the attention of express high- 


way planners i in as well. as other areas. 


Joserx Ba M. . ASCE. —Although the sixteen discussions are 


chiefly confirmations of the ae of | express s highway planning a as s given i in 

the paper, some are critical. would 
derive more benefit if 
the paper ‘were more 
specific. It j is agreed ty Limits! 

that each city and 

project in a city oa — 

needs detailed pron 

yet the gene 

of specific 


Additional V Wacker 


tended to show these oy Curcaco, Int, 


es As a ‘walter er of fact Figs. 1, 2, and 3, showing patterns of arterials, -— 
actual cases although ‘the names of the cities are not given. «Figs. ¢ 4,°5, and 6 


‘illustrate types of expressways which have been in ‘operation for some years. 


_ %Blevated Sidewalks of Reinforced Concrete for New York City,” by M. Hirschthal, Engineering 
4 Chf., Urban Road Div., , Public Roads Administration, Federal Works Agency, Washington, D. c 
x Received Februaty 1 17, 1947. 
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536° _ BARNETT ON NING Discussions 


An excellent example of the pattern of arterials described in the paper (namely, 


radial routes and an inner circumferential, with an intermediate or outer cir- 
cumferential for the larger cities) is presented in Fig. 18, which shows the arte- 
rials for Chicago, Ill. The locations were determined over a period of years 
after factual origin-destination data were obtained and analyzed and the other. 
factors outlined in the paper had been given serious consideration. A few of 
the arterials, such as the Lake Shore Drive, are in operation and the West Ex- 


ep ntral business district is des- 
tined beyond it. An 
analysis of seven cities 

from this standpoint is 
shown in Fig. 14. By 

carrying the large por- 
ity tion of traffic destined 
beyond the central bus- J 
i vi ntirely Within =. 
ire City and Entering the - iness district on free- | 


= _ flowing arteries, conges- 


Central 

Business using them will be bet- 


District 
ter accommodated. 

On this factual basis 

_ Mr. Herrold’s criticism 


Route a TypicaL Ciry witH A POPULATION OF FROM 


50,000 oT 100,000, As Basep on Data FrRoM SEVEN 
- doubt that relief of downtown traffic con 
___ Streets was discussed by Messrs. Baldock and Lewis and more attention to the © 
terminal problem was suggested by Messrs. Baldock and Weiner. Both prob- 
lems are related. No analysis of a city motor transport problem: is complete 
nie without an analysis of the effects of heavily traveled free-flowing arteries on 
existing streets, an analysis of the terminal problem, and what should and can 
= done about both. _ Without such analyses a city may well find that, as Mr. | 
_ Herrold stated, although the arteries will enable drivers to reach the central 
business district sooner, greater ‘congestion may well occur. © However, the — 
‘ wa 


| 
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agit opp 
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dest 
— tray 
éfact:« that: this pattern is ideal in most respects is confirmed by the stre 
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BARNETT 0 ON ‘EXPRESS HIGHWAY PLANNING 
/ "opposite will reswt if a onsale: coordinated plan, based on factual data and not 
just opinions, is is carried through. In Atlanta, Ga., for example, the 
desires and the prospective parking facilities hed a profound effect on the choice 
to locate an important arterial on one, rather than on the opposite, edge of the 
central business district. The latter location would have resulted i in vehicles 
- destined for the parking a areas using streets through the central business dis- 
“trict whereas with the former location vehicles destined for parking areas will 
- travel short distances on n existing ng streets not used as much as the downtown 


rhich § 2: locations of arterials, traffic and parking desires, and effects of pro- 
des- posed solutions on existing | streets cannot be safely « determined by measure- 
Ae ate of volumes on existing thoroughfares and the judgment of planners, 
cities: even when backed by the customary data collected by city planners. These are 
nt ad valuable assets but they cannot be relied 1 upon without factual data regarding» 
By 4 = and destination, parking and loading, and the many important needs 
revealed by the obtainment and analysis of such data. Expenditures for 
improvements s of arterial routes in cities are large. a Not only a are initial expend- 
-itures high, , but a location once accepted and agreed upon commits public 
officials to a long-range program of improvement involving comparatively — 
‘ large sums ¢ of money. The foundation for such a program should be sound " 
justification based upon f factual data; benefits to traffic, both arterial and other i 7% 
traffic affected thereby; and benefits to the city as a whole. 
- Factual origin-destination and parking data are not difficult to obtain and 
orentantg and are not costly in the light of the improvement expenditures i in- aa 
volved. The comprehensive h home interview type of  origin-destination survey 
has been undertaken in nearly sixty | cities and the “bugs” have nearly all been 
‘eliminated. ae cost is about 10¢ per person in n large cities of 1,000,000 Pop- 7 


about 17¢ for the. cities in the p population gro’ group of from 50, 000 to 100, 000. ; 


parking. survey in the downtown area, generally needed to supplement the 


origin-destination survey, ¢ costs about $20,000 additional when made in n cities — je 

intholarger group, 
rin In not all cities are the cost, time, and effort of a comprehensive home i in- 
-terview ‘type of survey justified. Although this method has been used success- 
fully i in cities with a population a as small as 15, 000, reliable. origin-destination 7 


data adequate to establish the locations of arterial routes and to indicate the 


"general type of design can be obtained in small cities at less cost: by other i 
methods. one | method, drivers of vehicles interviewed as they are 
parked. Data are thus obtained not only as to parking habits and desires a 
but also as to | the origin and destination of the trip and the purpose thereof. ny 

Such surveys cost from $4,000 to $8,000. In ‘another method « origin-destina- 
tion data are from vehicles passing two or more cordons: of survey 
“stations, aced ar 
another, around central business district. data are best procured 


by interviews, although postcard ‘questionnaires are sometimes used. 
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ON EXPRESS EXPRESS MIOBWAY PLANNING Discussions 
the city outside the central business district does not have an important 

value of and reasonably accurate traffic data lies beyond the 
determination of desirable locations of arterial expressways. In many cases’ 

locations of arterials can be determined ¥ with very meager traffic data; but an | 


analysis of the effects upon the existing street system, previously diecumed, 


be designed cannot be made properly without si such data. 

aa ‘The matter of terminals, both for passenger vehicles and trucks, is a vast 
subject and the statement of principles i in the paper is is condensed indeed d. The 

1: problem has been excellently restated by Nathan Cherniack, M.ASCE, and by 


In regard to design types, Messrs. Hadley and Leffler bring ‘up the matter 


be of f interest tl that the elevated highway shown i in Fig. 6 6 (which w: was | designed 
many years ago) provides a a second level, but this idea has been abandoned. 
The two-level elevated has the advantage of narrowness and economy as com- 

_ pared with a one-level elevated, but the ramps leading to the upper level present 
- added problems and damage to adjacent land may be great. ‘The: advantages 
and disadvantages of elevateds as given in the paper are valid regardless of the 


‘number of levels. - Several designs that began by considering the elevated type. 
obviously superior finally were ‘designed as depressed expressways, This w as 


If they were, the elevated ‘anda not have been of initially. 
few elevated highways have been c constructed ; on these, wide nail of way was 
ee Messrs. McCrosky, Hadley, and Waterbury suggest the possibility of direct 
-conneetions between expressways, particularly el elevateds, and parking garages. 

- This | possibility has been discussed widely because it appears to have merit. 
Traffic using such garages would not be delayed at terminals and would not 
“use existing streets, thus reducing the volume of traffic thereon. However, a 
word of caution is in order. — _ Assuming that all the practical and financial dif. 
ficulties of such a development « can be overcome, consideration must be given 
to the effect o of operation on expressway traffic. The fundamental concept of 
a an expressway is free movement and infrequent points of access. _ The rate at 
~ which vehicles can be moved into parkirg areas or garages is not great at best, 
_# that numerous such points of i ingress ‘and egress would have to be provided 
os an extremely large storage plaza is available. _ The plan does not appear 
e have the ‘flexibility of operation that is desirable to insure against inter- 

~ See with traffic on the | expressway. A more flexible plan, and one which 
appears readily attainable, i is one which the parking facilities the 

expressway but are not a part of it. 

Mr. Lewis and Mr. MecCrosky discuss the desirability of expressways for 
ai ‘segregated traffic. © Iti is agreed that there is fallacy i in the theory that the con- 


yi struction of e expressways. or + parkways for the exclusive use of passenger vehi- 


Statement of the Parking Problem,”’ by Nathan Cherniack, Highway Research 
bard, National Research 1045, p. 250. 
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to them; the segregation of traffic is desirable of 


separate expressways for passenger vehicles and for appear 


7 Several discussers take up the matter of transit. Improvement of transit 

is one of the important items in the broad attack necessary to relieve congestion ; 
— in the the cities. It is unrealistic. to expect most of the home-to- work, home-to- 

- shop, and home-to-business trips to be made in private vehicles, particularly 


in the la larger cities. When properly designed, operated, and controlled, mass 


4 transportation can do much to relieve traffic congestion simply by reducing ; 
the number of vehicles on the streets and in the parking places. However, the - 
: position of express highways it in Telation to» to transit is not as simple as the dis- 


ar In the larger cities rail transit might be included in the same right of way 
with expressways with some economy resulting to both—but such a case is 
certain to be exceptional. — Use of expressways by buses is the more likely pat- 
an into which transit will fit, particularly for rush rush hour express type of ‘transit 

~ operation between outlying sections and downtown areas. Bus. operation with | 

- frequent stops does not appear r practical on expressways. " Such stops would 7 
have to be designed with ‘separate stopping areas and speed change lanes for _ 
“entering and leaving without interfering with through movements. hey logi- 
< “ally should be at important cross streets where transfers to crossing transit lines — 
would be desirable. Provisions for separate stops at such locations are costly 
si since they involve widening a or r lengthening grade separation structures, and the 


4 “deo to be provided. In addition, a poor service is rendered patrons when they 
are required to climb stairs or ramps. 
"Where interchange ramps are provided, bus operation and stopping prob- 
lems are solved economically and superior service is given patrons, if the buses _ 
use the interchange Tamps, stop at turnouts at the level of the cross streets, then ae 4 
use ramps again for. returning to the expressway. here cross traffic is not 
= buses can cross the intersecting street. Good designs have ‘been made 
in W hich buses U- turn on to ramps leading back ¢ to the expressway 8 after loading © 
pa passengers, thus , avoiding the crossing of the intersecting street. This i is not "1 
Possible, of course, where single one-way ramps are provided in each quadrant 
ofa an intersection. Most bus companies are not partial to operation on ex- | ce 
- Presswaye where stops necessarily are few and far between, since bus operation = J 
profitable and patrons are § served best where bus stops are frequent and near — mae 
. _ Mr. Weiner cites the need for better use of existing facilities. This need <— 
obvious for such existing facilities as streets, intersections, and control devices, 4 
but the need also exists for better operation of expressways. In) large metro-— 
--Politian areas existing expressways frequently be become clogged during peak | load hs S 
‘ hours when freedom of movement is needed most. Sometimes, because of | ‘ 


inadequacies of design, such as lack of a shoulder, a stopped vehicle ona ss icait 
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BARNETT ON ss HIGHWAY PLANNING £ iscussions 


lane can jam traffic in the same dinution: on all lanes. Sometimes congestion 
is due to simple overload. ,o Whatever the cause, slowing down of traffic to 25 
miles per hr or less results i in use of the > expensive facility 4 for volumes less than 


example, 2 an expressway loaded bumper to bumper, with all 


all vehicles would benefit by denying the expressway to to vehicles to the e amount 

of the overload. Where j jamming occurs regularly, it can be anticipated and | 
police controls arranged for a at the critical | entering ramps. 

3 oe Mr. Feld rightly suggests that it is not feasible to désign. expressways for | 
peak loads. However, his submission of a photograph of the Hendrick Hudson 
‘Parkway i in New York, N. Y., on Navy Day, although interesting, is academic 
=_. No one would be expected to design for such an extraordinary | peak, 
The American Association of § State H Highway Officials _ considers the thirtieth 
highest hour of the y year to be the appropriate hourly volume for use in design, 

ae _ the year to be that for which the facility is being designed. For certain loca- 
a tions the thirtieth highest hour is as little as 8% and for other locations as much 


ie writer has not attempted to give closing statements on all “matters 

taken u up in the discussions. — For some, comments can be found in the paper; : 

_ others, although worthwhile, are not related to the principles of express high- 
f way planning i in metropolitan areas. All the discussions, ho however, have added 
much to the worth of the p paper ‘and evoke the appreciation | of the writer. 
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DESIGN ‘LIVE LOADS IN BUILDINGS 


Discussion 


JoHN W. DUNHAM. 


forward by Mr. ‘Narver, who compares the in two 
cases ; with the yield point of structural steel. He also adds a note of warning 


that the proposed reductions must be applied with good judgment. ‘This 


7 
latter 1 is true of de design | Tules generally. 


Mn Freeman states that the surveys presented in the paper seem to have ~ 
been limited in scope and that the procedure was not quite c correct t inasmuch as as 
only one observation was made on any one panel. He questions the source 
of the maximum overstress of 30% and the reduction rate of 0. 08% per sq ft. >: 

Mr. Freeman also indicates that the use of a load of 50 lb per sq ft with & COr-— 
“responding reduetion, depending on on the number of floors supported, should - 
give safe values. It i is assumed that this comment applies | to Office buildings, 
and that he has in mind the loads and the ‘reductions recommended by the 
‘Code Committee.** These. points will be discussed in order. 
_ Any number of surveys will be limited i in in scope. The writer is not aware 
wa a criterion of sufficiency i in this’ respect, , and feels that it is a matter of — 


matter of 
judgment. _ More surveys would be helpful but it is doubtful that they would a ’ 


an If the offices in the Equitable Building (surveys of which have aia re- 
ported?) may be assumed to ) average 500 sq fti in area, the total area enc ae 


in the five office buildings v was ; 210,290 sq “SY ‘The surveys reported i in the paper Be 
included over 2,500 panels of office building floors, which had a total area of " 


nearly 430,000 sq ft. There were about 140 columns which ee to be 
loaded in such a manner as to be significant. 


arrangement of the load on each of the at the 


Miveyed indicates the arrangement that might be found on any of the others | . 
_ Nors.—This paper by John W. Dunham was published in April, 1946, Proceedings. Discussion on 
this ’ paper has appeared in Proceedings, as follows: October, 1946, by D. Lee Narver, and N. N. Freeman. 
Asst. Chf. Structural Engr., Public Bldgs. Administration, ‘Washington, D. C. 

**Minimum Live Loads Allowable for Use in Design of Buildings, Report | of ae Code o. 
Taittee,” U. 8. Dept. of Commerce, November 1, 1924. 
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at another time. The writer feels that the arrangement: of loads 1 in space gave 
1S a valid indication of what the. distribution o on any one e element would be in time. 
Effort w was directed toward determining the actual distributions and com 


| = @: _ binations i in a large number of instances so as to obtain : an indication of the ma 


DUNHAM ON BUILDING LOADS Discussion 


va able maximum for a a given class of element. It was was known in advance that 
iy = severe loadings were possible. It was desired to find out what does 


happen, not what mighthappen, 


gq Te probability of overloading an office building with people is remote. 
ic areas in which the very heavy loads 8 occur represent a small percentage of 


the: total areas surveyed and they are not spaces in which people | congregate. 
a the suggested teductions well represent the worst conditions 


more severe conditions are possible, however remote their probability. . Itw was 
this consideration that led to the formula which sets a limit on the proposed 

"reductions. Tn the writer’ opinion the possibility of dangerous 
thereby practically eliminated. ee 


Se 


‘The proposed reduction ¢ of f 0.08% % per sq ft is empirical and resulted from 7 
_ writer’s study of the s survey y data. it gives values that start at no reduction 
for zero area and correspond well with the average | live loads found on» the col- 


-umns carrying the heaviest live load at about 800 sq ft of tributary area (see 


‘The maximum reduction corresponding to 30% overstress: was set to 
overstress conservatively within the elastic limit of steel and well below v the 
Bras strengths of concrete and wood. It should be noted that nowhere © 
in the buildings surveyed would the overstress have e equaled 0% 
_ Adoption ¢ of the reduction rate and the limiting formula by the American — 
Standards Association seems to ) indicate that qualified structural engineers g 
coneur with the writer’s judgment on these two ‘points. 
__ In view of the surveys reported in this paper, , and elsewhere,’ it is contended — 
an She a, that the use. of 50 lb per sq ft as a live | load i in office buildings amounts to using ~ 
an initially’ reduced live load. r report | on the Equitable Building indicated 


live load of 87 Ib per sq ft i in one office. The: survey of the Veterans Admin- 


ee _ istration, Building, which had about the same av erage load as the buildings 
tg . a on previously,” indicated a maximum live load of 90 lb p per sq ft. The 
is writer believes that the live load of 50 lb per sq ft was established with the 
att, knowledge that a very ry small p part. of the | building might. receive higher lo loa ds, 
Sa as indicated i in the surveys, but with the alta that sia would not be enough — 
The comparison. indicated in Fig. 4(a) and the accompanying text supports 
the writer’s opinion that a higher basic live load, together with the proposed 
tie oy stem of reduction, will give a better balanced design for a given building than Ay 
would result _— the use of the recommendations of the Building Code Com- 
conclusion, writer wishes to express his gratitude to the disoussers 
en Sat of the paper for the additional argument and the new viewpoints they have 
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DISCUS: 


‘MATRIX ANALYSIS. OF ‘CONTINUOUS| BEAMS” 


Discussion 


Rurus OLDENBURGER Esq. a paper 13 by the writer, matrices were» 
ntroduced to clarify the mathematics of the Cross method of structural anal- _ 
-_ ‘ because the operations involved in this analysis are linear, and the conver- 
gence questions can be expressed simply in terms of matrices. © _ The Cross 
: method is an infinite process 1 whereby fixed joints are relaxed so that the m 
ment distribution for a given structure is obtained from the moment distri- 
ih Mr. Benscoter shows that by ‘matrices one pom proceed directly from the | 
= fixed joint moments to the final moment distribution. _ This method, however, 
5 involves computation of the inverse of a matrix. . Because, generally it is exceed- 
3 ingly difficult to obtain the inverse of a matrix directly, the series (Eq. , 98) i s 
used, in which war is the identity matrix and [Q]is al matrix of the: same order. 
This expansion i is suggested by the similar expansion (Eq. 97) for 1/ (l—e 
_ ‘That one can work directly from ‘the initial to the final moment distribution } 
| by matrices follows from the fact that the final moments can be obtained from — 
initial moments by solving linear equations. ‘directly” is meant “in a 
- finite number of steps.” The importance of Mr. Benscoter’s use of matzlos 
bs lies i in the fact that this point of view leads to an infinite process through the we 
“Use of Eq. 98. Iti is sometimes simple to obtain successive powers of a matrix 74 
(0), so that if the series converges s rapidly, a good approximation to the inverse 
LI] — [Q] is obtained. Computation of complicated determinants i is thus 
avoided; but to use Eq. 98 i 98 i is to employ an approximation method of 
tation. “In fact, it has been shown that each term in that equation corresponds pe 


tos a standard computation cycle and that each cycle is composed of two steps. 


Norz.—This | paper by Stanley U. Benseoter was published in October, 1946, Proceedings. . Discussion 
a on this paper has appeared in Proceedings, as follows: February, 1947, by I. i a 7 Harris enue 
Prof. of Math., Illinois Inst. of Tech., Chicago, Ill. | 

“*Convergence of Hardy Cross’s Balancing Process, by Rufus Oldenburger, J ournal of Applied M 
chanics, December, 1940, pp. A-166 to A-170. 


rob 
that. 
does 
the 
tion 
col- 
(see 
ye. 
ceep 
the 
rere 
ican 
ded 
sing 
ted 
ngs 
he 
red 
igh 
rts 
sed 
— 
m- 
ow — 
ers 
— 


“In the first step all joints are balanced and in second carry- 


calculation i is performed in each span.” a 
The great value of Eq. 98 thus lies in the fact that the terms in the series 
correspond to the standard accepted procedure “balancing” moments, 
Iti is, however, only « one ne method out « of f infinitely many for for applying the Hardy 
Cross type . of method. . The approach i in the writer’s paper on the subject i is. 

; general and therefore covers the balancing process corrresponding to Eq. 98. 
In particular, the convergence theory contained i in t that paper can I be applied to 
Kq. 98. ¥ “For vessous of exposition both Mr. Benscoter and the writer have 

7 restricted themselves to the case of th the continuous beam. . If the numbers 1, 2, 
nbe assigned to the supports along a | given | beam, the 


supports goes over without change to the to 


In the 1 writer’ 8 matrix treatment of continuous ies the vector [M 1 of the 


the vector Jot of ‘given that the b process j is a 
cycle repeated forever. For the elements of the vectors occurring in Eq. ur 
= es the total moments at the supports have been used. ‘This was done for mathe- 


matical simplicity. ‘Mr. Benscoter’ ’s technique of working with left end mo- 


ee ments and right | end moments, instead of lumping the moments at each support, t 
= considerable value for understanding» the theory of the balancing process, 


in the of "Bq. 147 are the inva unlumped moments, . Of 
must be changed accordingly, 


Matrices are of unquestionable value in understanding methods for 
taining moment distributions i in structures. it comes to actual compu- 


Bis cid tations the situation is different. _ The» writer has still to see a computational 
process i in which the > explicit use of ‘matrices gives an economy of effort, although 
matrices: are often of great value i in prescribing what computational proces 
al _ should be employed. In any case, it is easier to use Eq. 147 for left end mo-- 


oe "ments and | right end moments, obtaining the result by computing powers of a : 
iz matrix, than to use Eq. 98, where one must perform the additional operation of 
adding powers after they have been computed. 


i ae _) Mr. Benscoter’ 8 paper is an excellent exposition of the matrix point of of view 


ee yay and sheds n much light on n what moment balancing really is. 


= 


— 
— 
— 
= 

— 
— 
8 
— 

— 
one 
en 
— 
— 
— an 
— 7 
7) 
4 
— 
— 
i 
te 
T 
th 
¥ 
of 
— 
— te . Above all the problem of the rapidity a 
supports are not lumped. Above how many steps must be 
— should be studied. The designer shoul he importance of the subject a com ce 
— tt to obtain a given accuracy. — bould appear in a book on genera’ = 


structures, beginning from basic fundamentals. such a 


Horace A. Jonnson,!® Assoc. M. ASCE.'%-—A service has been done 


© the engineering profession by the presentation of the subject | of matrices and 
nano as is It has always been a source ( of wonder to the writer that so 


few engineers are acquainted with these powerful mathematical tools, or — 
with the most elementary use of determinants. 
_ However, the author has possibly been overenthusiastic in the use of 
‘matrices. _ For example, Eqs. 36 are expressed as [A] [z] = [ik] in Eq. 39. 
Although Eq. . 399 is a ‘more ‘succinct expression of Eqs. 36, it conveys less 
%: meaning to a person not ‘using matrices frequently, as is the « case with most 
: engineers, and it in no way reduces the amount of work required for the nu- 


33 


2 383i 
1 4 


7 


45 


Tn each of an is obtained substituting the constant 
for the coefficients of the e desired unknown in the deter- 


- Ininants, , the re remaining terms being the coefficients of the other unknowns. 


The denominator determinant in each case is omnauied of the coefficients of 


_ the unknowns. This procedure seems 8 simpler than the by 


q ede ion of simultaneous equations by the use of determinants is a sys 
tematic approach to the e problem. ‘It does not, however, avoid a a large ‘amount 
nu numerical work as the expansion of an nth-order determinant gives ay 
thus, the expansion ofa a fifth-order gives 120 terms. 
Luoyp T. 16 Jun. ASCE.°*—The possible advantages of matrix 
algebra i in various methods of structural a analysis ar are called to the attention of Rel 
Fy engineers by the author of this commendable paper. The painstaking explana-_ 


Hea of elementary operations gives the engineer a condensation of these proc- ae 


a 18 Engr. (Civ.), Corps of Engrs., War Dept., Sacramento, Pert: 

_ Received February 1,1947, 

16 Asst. Prof. of Civ. Eng., Ithaca, 
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texts. Te explanation should serve to demonstrate the 
relative ease of f manipulation of matrix algebra and to reassure the engineer 
that with the necessary practice it can become a most powerful instrument. _ 
he ‘Structural engineers are generally to series of ‘simultaneous 


of slope deflection. 7 A frequently of. is that of 
_ arranging the coefficients and constant terms i in tabular form. By su successive | 
manipulations the series is reduced to a single equation containing a single 
-unknown variable. With the variable thus determined, successive substitu- 
tions are made until all variables have been found. - |. For example, the system 
‘illustrated i in Eqs. 36a, 36), and 36c, Table 2, has been arranged with the steps 
on and the operations noted so that the table is self-explanatory. 


Step 10 of Table 2 gives the 
TABLE 2- —Form FOR SOLUTION OF yalue for as. Study of the table 


SIMULTANEOUS Equations discloses that within it are the 

matrices | shown by Eq. 37, but 

Right side that no advantage has been 


taken of matrix algebra i in the 
Eq. 36a 36a | matrices but have hesitated to 
360 4] 38 _use them as such. 
| 1} 6] 4 _ Attention has been c called to 
4 | &| 6 fact that other methods 


Step 4-+step 6 was 

| Step 5+step6] eondition of load because of the 
Step2Xstep8| 10 | 0 |. possibility of lengthy computa 
Step 9 —step 7 : tions in in evaluating the recip- 


-rocal the stiffness matrix 


“4 [K]. It might be well to em- 
- phasize that methods for evaluating more cumbersome determinants are not 80 


frightening: as the size of the determinant itself would suggest. 


= algebraic sum of the products of the elements of a vow and their oil 


-_Tesponding minors will give a quick : means of evaluating larger determinants. 


this 1 method with the 4- by-4 
= Q11 | G32 Oss Ass — ass 


= 


by Hale and Rodi, John Wiley & Inc. 
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Still larger determinants may be evaluated by expressing them in terms of the 
algebraic sum of the a of smaller determinants. _ Consider the 6- by- 6 

‘| Ga G43 46 

a51 ass Oss 254 55 

62 Aes Aes 


|D )| = = | ds1 G52 As6 


+ —Kq. 149 becomes: 


|A B E | cll 


‘of the elements to zero, the evaluations 1 may be accomplished. However, a a 
:. though these computations will be routine, there is no avoiding the the fact tha 


iy The new application of matrix algebra should stimulate interest in n this 
mathematical instrument mas result in its wid wider application to common en- 


W. -Norron,!® M. has been directed by Mr. 
_Benscoter to interesting possibilities in the use of matrix algebra for the solution 

of ‘structural problems involving simultaneous equations. By taking 
vantage of the implement afforded by the matrix: notation, the author 
a noteworthy abbreviation of the process of solution by means of ree na 
in two important respects: (1) For the several determinant tatios expressing 4 
the: several unknown quantities, he substitutes single matrix "expression, 
"comprehending i in itself the Solution for all the unknowns; and (2) the oo. 


§ of this expression to the final numerical results involves, not the evaluation of _ 
many determinants as there are unknown quantities, but the of 

4 
frames, as those commonly encountered in building construction, 


is of particular interest to the writer. Some earlier studies of a similar nature, 
Beret by careful of this paper, have confirmed him in the conclu- 
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mn of the fundamental 


even less laborious than revealed d by the author. 
_ To present clearly a a discussion which seems to be justified by this view, and ~ 
wy the hope that its demonstration may contribute something to the usefulness © 
of the author’s paper, it will be expedient to show the application of the1 methods , 
_ under consideration to the solution of a specific example. a he derivation of ; 
: the determinant and matrix expressions, and the routine of computation will 4 
: be illustrated, with such explanatory comment. as seems useful to the purpose. 
The adaptability of the method to frames in _ which occur members having» 

varying moments of inertia, and to those subject to ti translation of joints, or 
sidesway, will be indicated without details of analysis or numerical illustration. : 
Notation— —In addition to the notation of the paper the following symbols 
| Moyq = clockwise moment acting at point P on the member (or part of | 


= Fixed-end moment 


M’, a modified value of M;; that is, the value of M aif member P ra 
ieee were fixed at point P and | freely ‘supported at point 


= summation of values of M; My or for all members 


stiffness coefficient of member PQ at end P; the actual stiffness: 


divided by the constant 4 E. Fora a prismatic member K i8 is 


20 


value is one fourth of that defined the author, and is 
preferable because it avoids fractions and simplifies — 


value of aodified hg account for freedom at end For 


= 


= the angular clockwise rotation of joint e, , multiplied by $F. . 
=a parameter m moment; Zpq and are parameter moments 
taining to member the derivation of which (by ‘methods 


to be described) le leads to a determination of moment — 


ae Determinant of the Frame.—The frame in Fig. ne is that used by Hardy 


Cross, M. ASCE, to illustrate the sribed i in | his eauoliems: 


sions that, as applied to such problems, the formati of 
matrix equation follows even more immediately and obVrously he 
© £4. tion of the stiffness properties of the frame, and of readily derived functions er 
al 
Tn 
| 
— 
4 
0 
tt 
ary 
— 
d 
— 3 
— 


he 
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= moments by unenclosed numerals at ends of members. — 


“100,% 410 1041 _ 


If the sieeclaiiiaie _ were to be used to express the moment at. 
each interior joint in terms of the rotations at that and at adjacent joints, four — : 
‘equations would result ‘relating the four rotations at points 1 B, C, D, and E. j 
One method of solving this set of equations simultaneously involves forming a 

determinant whose elements are the coefficients of the unknown rotations. im Ps 
determinant, often called the “determinant of the set of equations,” will 
be referred to herein as s |Al, the determinant of the frame. It is in 
the analysis of the frame, either by determinants or by the author’s matrix 
‘expressions; it is independent of the loading; and it can be derived by inspection. ‘i 
For its elements, it has functions of the K-values of the members, related to 
the array of values recorded on the diagram of the frame as illustrated by — 
Fig. 11. The order of. {Ali is equal to the number of interior joints; the prin- 
cipal Semel consists of the double sum of the K-values of all emushane meet- 
‘ing at the corresponding joints; the adjacent diagonals (superdiagonal and 
subdiagonal) consist of the K-values of the members, in order; and all other 
| expression for the determinant of such a tor 
“Analysis of Frames by Moments,”” by Hardy Cross, Trane- 


ASCE, Vol. 96, 1932, p. 8, Fig. 2. 


ital s Frames by Distributing Fixed-End Moments.’ The data 
bed as given by : ed- | 
ons s are altered to conform to the convention here established; 
sses_ ember hinged at point F the “modified” stiffness coefficient and = os 
ment at point | C are used. These 
ness = Ky = 2X2 = 1.5...............(152a) 
circles, and fixed- 
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(it being understood ¢ that modified values and (M, are eto] be used i in place 
of K and M, for members hinged at the remote end). 
ahs Rotations of the Joints.—To continue with the analysis of the frame 
i means of determinants it would be necessary to form another determinant 
= corresponding to each joint, and involving the load terms, or fixed-end mo- 
ments. These al also can be derived by inspection, and the numerical 


tions can be comparatively brief. 


a However, there is a marked advantage in being able to express the solution 
for all parts of the 2 frame i ina single matrix equation, , a8 de developed by t the author. 
‘Mr. Benscoter shows that the equivalent. of the four expressions for the rota 


determinant): 


1240 


12X56 -12X5X3_ 


71,851 120° 

—348 1, 044 —360 180 
820) 120 — 360 4 560 —780 
180 —780 3,860) 


( 185, 186,100 +20,880 —12,000 600) 
_| —34,800 —62,640 $36,000 
12,000 +21,600 —156,000 —7,800 
—6,000 10 800 +78,000 +38,600) 
9,288 
2 


—that is, = 9.288; &, = — 2.864; = — 6. 258; ®, = 4.793. 
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on” MATRIX ANALYSIS 
Before attention may be directed to the process of reducing 


‘determinant: to a a numerical value, such | as the 20, 820 in Fig. 11, and to the 


as illustrated by Eq. 154. 

Evaluation of a Determinant.—Numerical evaluation of a determinant by 

- repeated summation of minors, as described in most elementary texts and illus- 
trated by the author i in Egs. 2a and 2b, is a process that becomes increasingly a 
laborious for those « of orders higher than the third. (A determinant of the 


with among the elements, would require writing and 


a ¢ ais 


let a “modified minor” of the element ay be formed, rom substitu 
element of the minor a derived the formula: 


to each the pra of another column row), 


multiplied by a constant, the value of the is thereby ‘ 


x 


bse 


and the evaluation will have proceeded by reduction of the determinant of the Sa 
nth o order to one of the (n — 1th order. The numerical value of any element a 
by is “usually ascertainable mentally with small effort. Thus, in |A| of the 
example considered, the element a Ax, is and the “modified” element bes is 


facilitates the computation; "element a an in Al i is 5, 
be = 5 — 0 X 4/12 = = 5, | of the element resulting. -Further- 
te the successive reductions i in order accomplished by this process result i in ay 


a of numbers, as fractions, invariably lead 


ons 
53) — 
mo- by the numerical work of Fig. 11, and of general application, is the following: (ii 
utar Inany determinant, 
poe 
ting foreach 
— 
_ This modification of the minor does not change ‘its va of the 
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Formation of —The author has shown 33) 


is 
the chief of the computation; it seems writer that 
_ device whereby the matrix reciprocal is s expressed in the form of a power series 
o- heading, “Matrix Reciprocal Expressed by Power Series”) i is of academic 
interest, and makes little progress toward facilitating t the computation. © en 
In obtaining the results i in the problem used as an 1 example it I has not — 
“necessary to write down ¢ any figures" other than those appearing in Eq. 


re _ two adjacent diagonals, 1 ‘makes easy the formation of its adjoint. wir 


a matrix of this form, and of the nth order, be pee 


—e = to form the adjoint by substituting for ‘eile element its cofactor, © 


nd to evaluate each (which i isa of the (n- order) 


4 nant, ” and illustrated i in the equation i in Fig. il, matrix (still of the nth order) 
we obtained such that each element is the product of (n — 1) factors, as follows: 


ee 


a in order, , those of the elements i in the principal diagonal o of | the cofactor of the 
(b) The sign of the element is the sign of the cofactor. 
(c) Primes occur only o on factors whose two subscripts are equal, and d greater 
by unity than the two equal subscripts of the factor next preceding. ~ Such RY 
- factor immediately following a primed factor is double primed. ae 
The value of a primed factor (as ¢ a’'7z) is a modified 


ltl 
i 
The value of |A| having already been found, it remains to discover the most, 
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i, } ‘The application of these principles leads to the matrix shown in Eq. 154 s 
the adjoint ¢ of ‘For example, the cofactor of the element 
200) 
=12 


similarly for the of the other cofactors. The factors of eacl 
dement the adjoint can be written quickly, either using Eq. 160 as a a 


and column « of the e matrix element cofactor i is 
Bending Moments in Members of t the Frame—The sctution for the 
“rotations as shown by Eq. 154 leads easily to graphical determination « of end a 
moments in the members of the frame. Two parameters, Zp, and Zgp, 


ap, 
introduced for each member PQ, as defined i in the r foe 


member CD, ‘Fig. 11: 


= 5 2. 


tae = de - 


‘ig. 12, ordinates M 


met) are ‘erected, and from the ine joining at the third 
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cating negative rotation about points C and D, respectively. The 
ue these lie on the moment line whose ordinates at the ends 
— span represent the end moments in span CD, under the given conditions of + oe Bor 


‘ON MATRIX ANALYSIS Discussion 
The analytical equivalent of the is the expression 
the end moments given by the deflection equations 


Mea = Mya + te 2 — 31.268 = — 913. . (1640) 


Maes = Myjac + 2 tae + tea = 100 — 62. 536 - — 14,323 = 23.141. (1648) 
d i The intercepts of the ordinates between the line M ca-M z- and the moment 
diagram for r member C CD simply supported (supplied i in | Fig. 12 from data not 


given, but consistent with the fixed-end moments s produced) show graphically 


bending moment conditions throughout the span CD. a 
Stdesway. —The occurrence o of joint translation, or sidesway, introduces into 
- the: problem additional unknown quantities 5 relating to each of the members 
_ subject: to rotational movement. , The order: of the matrices and determinants 

involved in the solution is increased correspondingly. For the ordinary “ree: 
tangular building frame subject to horizontal displacement of joints, the number 
of different unknowns so involved is equal to 1 the number of stories; thus for a 

, one-story frame one additional row and column of elements occur in ‘the matrix. 
a _ The matrix expression for the solution of this problem i is derived without 
ide difficulty; however, the fact that the matrix contains elements other than zero 
in all diagonals, increases the labor of computation considerably, because the 
. derivation of the reciprocal | by inspection as illustrated in in Eq. 1 154 is not possible, 
ge onprismatic Members.—The method of analysis by: matrix computations i is 
_ applicable also to frames having haunched members. It is necessary, however, 
Mi to derive modified val values of the stiffness factors and load terms Telating to the 
haunched members, and to generalize the fundamental expressions. The 
Te j author has illustrated the procedure for the cs case of a continuous beam (see 
| heading, ‘ ‘Numerical Example,’ ’ and Fig. 5), using values derived from charts 
published by the Portland Cement Association,’ 7 and the method of moment 
is inappropriate to the purpose of a ‘discussion, the aim of which 
‘ is to demonstrate the practical usefulness of the matrix analysis in ordinary 


Bet 4 building de design, to pursue the ‘subject into the intricacies of precise results 


Scie can b be satisfied with safety and reasonable economy, if based on a qualitative | 


knowledge of the effects of. haunching However, the writer has found 
“or helpful to his understanding of the principles involved, to derive the generalized 
values entering into the matrix and slope-deflection equations, in terms ms of 


constants : made a available i in tables of the properties of haunched me members by 


M. ASCE: The additional ‘notation is as defined by M Mr. 


The stiffness coefficients and fixed-end are 
Concrete Bridges,” Portland Cement Assn., Ill., 1939. 
Transactions, Vol. 90, 1927, p. 152. © 


id 


Ww where nonprismatic members are involved. Usually the requirements of design 
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u—s(1—v) 


a 


by Eq. 1. 165e, sag construction fox moments. may 
exactly as in Fig. 12, the ordinates z being erected at the u and v points of the we 
= Mya + 


rapidly. The result of the evaluation is translated at once, 
into expressions f for end moments ir in all or 


z 


640) 1 = 8" (1650) — 
ino - prismatic beams when 
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nent 
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Summary joint rotations is derived directly luation of 
M. expression for the joint rota tions. The numerical eva 
‘Matrix expres without the writing of equations. ions, whichis 
no he frame, without the writing of arithmetical operations, 
of the fr le, follows an established series 
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The is a routine of computation than a method of 
nalysis. has the merit of precision, being neither an approximate method 
. _ “nor a method of successive approximations, but an n exact ‘method just i in so far 
7 as the | physical data on which the solution is based can be said to be exact. 
‘tome one e point of view (which seems to the writer well grounded) the method 


shares a defect common to all formula m visualization of the 


tation is mechanical—one feeds the data into the | end and, all opera- 
tions: being faithfully performed, extracts the correct result. "There is no 

possibility of applying « common sense or Judgment to dutovtion of errors at 
‘intermediate stages. In this re respect the . process of approaching r results by such 
‘means as moment distribution will continue to appeal to most designers: as 
having advantages quite outweighing those of an analysis by equations or 


1 Nevertheless, Mr. Benscoter’s contribution is a valuable one, not only in its 


to the of. indeterminate structures in the limited 


which is capable of se waving as powerful tool in the solution of problems 


_ ing a number of unknown 
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RECHARGE AND 1 DEPLETION OF 


‘By RAPHAEL G. KAZMANN, 


the present s status of prevailing thought. on ‘the permanence and productivity 
of ground-wa water supplies is contained in this } paper. — Unfortunately the | paper 
is too short to do more that than summarize various situations. To fe focus the at at- 
“tention of the profession on the economic implications resulting from just one 
} study of a specific water situation, Teference i is made to the Plains 
the heading, “Examples of Aquifers with Relatively Small Perennial Supplies,” 
author states: “Iti is evident that of ‘pumping w will eventually ha have 
Although: the does not long “eventually” may be, it is 
probable that within the next generation violent changes in the agricultural — 
activity : of the area will result from a . shortage « of ground water. A number of _ 
farmers will lose the ‘Major part of their capital investments i in pumping plants, 
distribution systems, and farm buildings as a result of ground-water depletion; 
yet a sound, controlled program of ground-water development would enable a = - 


Sealer amount of irrigation farming to continue metiieds in the High Plains a 


‘a alte the usable ground-water supplies by improved methods of ground-_ 


water extraction. . Mr. McGuinness states (under the heading, “Examples of ee; 
with ‘High Rates o of f Recharge and Large P 


There is much recharge from rainfall and snow, but. [Ohio] 
$3 river forms a major source of recharge at some places where wells have been — 
- constructed near the river and are pumped heavily enough to lower the — aa 
_ water table adjacent to the stream. Examples of such supplies * * * in- - Me 
Chale the public water supply at Parkersburg, W. Va., and the water supplies _ 


Nots.—This paper by Charles L. McGuinness was in Proceedings. Dis- 


Vaubel. 
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at large war plants at Point Pleasant, W. Va, and Chedutows, Ind. 
one war plant as much as 50 mgd has been pumped from seven wells in a ? iste 


mile stretch along the banks of the Ohio River. * * * Many large indus- 
- trial and municipal water supplies have been developed from wells that are 
so situated as to induce recharge from the streams, and many others un- 


s, the coda, horizontal wie collectors which are the equivalent of infiltration 

. ei laid on t the bottom of an aquifer. The special 1 virtue of t these units i is 

ae their capacity to. operate e with utmost efficiency i in relatively | thin aquifers ; where 

7 Pea oy wells are impracticable because of the smallness of the available 


— 


drawdown. Horizontal collectors have their : screens projected, horizontally, 
as close as possible to the bottom of the aquifer. Thus, they operate w ith 
equal efficiency as long as a little water remains ‘in the aquifer. — In the instal- 
bees - lations supplied by the infiltration of river r water, r, the potential s size of the dif- 
Pa : _ ferential head between the river and the collector or infiltration gallery is a 


ay maximum, thus making the supply as large as possible, and permanent as well. 
_ oe Probably the outstanding installation of horizontal infiltration collectors 
et?) was made i in 1942 at the Wabash River | Ordnance Works near Clinton, Ind., 
where ¢ an average production of 72 m gd and a maximum num production of diene 
‘The value of the additional, "permanent ground: -water supplies 


palitles and industries is incalculable. However, the horizontal infiltration 


Ree — collector, or any other type of infiltration gallery, although it will | develop many 
b new ground-water supplies, is certainly not the last technical advance which 


will affect the economic availability of ground water. _ The history of ground- | 
water development shows that improved drilling and | pumping methods have 
increased available ground-water resources. — The horizontal water collector 
- too ) has increased t: the potential ground-water supply by making thin infiltration 


aquifers economically available. Finally, a lessening of power costs through 
ae - the use of new sources of energy would tend to agument available ground- 


= yA Thus, from an engineering viewpoint, the principal addition needed in Mr. 


McGuinness’ excellent paper is a a short section dealing with the effect of tech- 

oa nology in increasing the potentially ‘useful quantity of ground water. Applied 


5 “Induced Infiltration Supplies Most Well Field,’”’.by Raphael G. Kazmann, Engi- 


— 
— 
— 
= 

— 
| 
— 

= 
— 
ae 

arly 
tetic 
load 
| the 
flang 
pury 

 &§ 
field 
can 
ay 
é 
the 
for 
suffi 
ini 
step 
—— = 
Pa. 
7 p. 12 


‘ons | = 
AMERICAN SOCIETY OF C 


IVIL 
| 
ion BY LATERAL BU 

By H. N. HILL, AND H.D. HUSSEY 4 


tors Assoc. M. ASCE. —Inadequsey of the 
nost ported span length to flange width ¢: ) as a ‘criterion | of the stability of a a 


sil compression flange against lateral buckling has long been recognized. As 


early as 1924 S. Timoshenko" ind indicated this inadequacy and presented theo- 
a retical solutions for the problem o of lateral buckling of I-beams under v: various a 


: loading conditions. — There remained, however, the task of reducing the com- 
hich 
plicated theoretical solutions to some ‘simplified form that could be conveni- — 


~_ ff ently applied by the designing engineer and yet that would retain a satisfactor ry - 


” 


‘degree of accuracy. The significant contribution o of the present. paper | lies i 

eae the development of a simple parameter relating the stability of of the compressio n 7 : a 

vedi flange to the dimensions of an I-beam, with sufficient accuracy for many desgin 

| _ The price of simplicity i in design formulas is generally a a restriction inthe 


Baty 
wil ‘field of application and the acceptance of some sacrifice in accuracy. | There “i si 
rechs jy can! be no doubt that t the e simple design formulas Proposed by the author a 
4 vast improvement over the usual formulas involving only 1/b. Moreover, 
‘i the author has demonstrated, by comparison with theoretical solutions, that, ae 
for a wide group of I-beams, the ‘simple { formulas have 2 a degree of of accuracy — = 
sufficient for many design needs. It may be well, however, to examine the ae 
| limitations of these simple formulas, which can best be done by ‘aii the ee 
steps necessary to derive the simple formulas on a rational basis. 


 Nors.— —This paper by Karl de Vries was published in September, 1946, Proceedings. Discussion o 


paper has appeared in Proceedings, as follows: December, 1946, by George Winter, and David B. Hall; _ ae: 
February, 1947, by Theodore R. Higgins; and March, 1947, by Neil Van Eenam. 
-_ ®8 Asst. Chf. Engr., Design Div. of Research Laboratories, Aluminum Co. of Asneston, New Kensington, a 


_ 4“*Beams Without Lateral ” by 8. Timoshenko, Transactions, ASCE, V LXXXII, 1924, 
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In Eqs. 76 ‘through 79, c is. a ‘coefficient dependent. on n the natu nature of loading 
restraint ; u is Poisson’ s ratio; U is equal to 1 + is 
; ; and ty is the thickness of the on - web. 


29, 000, 000 and p = 0.28, 2. = 9,060, 000 cand 


or steel beams, in which E = 
= 6. 31. To evaluate and twenty-three I-sections ‘representing | 


1 07 and 


e been en consdered, 1 The he limiting v values obtained are 0.75 < 
0. 81. 80 can now be written: 


in 33 < 0.48 and 0.31<C:<057% 
eS An equation si similar j in form to Eq. 7 can be obtained by neglecting the 
term under the radical i in 81, which then becomes 


‘ For a uniformly distributed load at ‘the neutral axis and the en nds of the un fl 

supported length | simply supported against lateral deflection, . c is equal to 
54.35 82 with the equation for Row. for case 


ads applied at the neutral a 1 
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mn, ‘Fig. 32,100, 000 vC 1 = 24,000,000; or vec 


= 0. 748. the 


q heitting.» values for C; in Eq. 81, for the group of I-sections <a 3 
, may be as low as 0. 575. Consequently, f for beams s having extremely large 
5). - values of 1/ b (in which case the second term under the radical in Eq. 81 is truly 
4 negligible), the author’s equation can give buckling stress values as much as’ 
7 30% higher than the theoretically ¢ correct values. This situation can only 
6) obtain in extremely long spans of ns narrow flange beams, which will buckle at 
 &§ ‘ very low stresses, and is very probably of no importance in ordinary design i 
problems. may be well to keep this limitation in mind, however, in certain 
7) _ handling and erection problems involving long narrow beams. pole. sg i 
7  Thei inaccuracies introduced d by neglecting t the : second term under the ra radical 
3) o of Eq. 81 v will depend on the ‘unsupported : span length of the beam. Since the 


“ ff second term varies inversely as J‘ and the first term varies inversely as 7, it is ; 
; ff apparent that the importance of the second term increases as the span length 
19) . decreases. s. This a accounts for the increased discrepancy between the plotted — 


a points and the curves (within the region of ‘elastic action) as | 1 decreases i in te 
ng plots of Figs. 2, 4, and 5. The curves become increasingly ‘conservative as 
the span iength decreases. Again the discrepancies, as indicated by the plots 
to § ‘in Figs. 2, 4, , and 5, do not constitute a a valid objection to the use of the pro- 


posed formulas for general design. of standard solid section I-beams of 


beams « can buckle at stresses within the elastic range. In such cases, theo- 
“retical buckling | stress values may be more than 50% greater than the values 
q obtained by ‘simplified formulas like Eq. In structures in which these 


J ‘lightweight ‘alloys of aluminum and magnesium, however, relatively short 


i terials are used, lightweight is generally of primary importance, and the in- = ; 

"troduction of refinements i in design is warranted to secure maximum weight 

saving. Such refinements in design usually entail some sacrifice i in 

n Possibly the earliest instance of the inclusion of a rational treatment of the 


Diana buckling problem in a set of design rules is the “Structural Aluminum — 
Handbook, 7786 published i in 1938. a The: treatment is | based | ona direct applica- 
- tion of Eq. 75, for the case of a beam under | pure bending, 1 with the ends of the 7 
laterally unsupported length simply supported against lateral deflection. The 

. value of ¢ in Eq. 76 for this case is. (Values of c for numerous other — ; 
tions of loading—on the neutral axis—and restraint are available. 36 The fact 
that the author has been able to represent the cases of flange loading by the r 
same type of formula as that applicable. to loading o on the neutral axis, and with y 


about the same degree of accuracy, suggests that the cases of flange loading » a 


Value for c. Since the equivalent ratio method is used 
this handbook to handle in the plastic range, the 
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axis through the centroid of the flange, parallel to the web (Iy t= 


metrical I-sections—the term 


—th I being ii introduced to ito make the 
Although the above equation may have a formidable appearance to 
‘Signer accustomed to the e utmost si: simplicity i in design formulas, the quantities 
involved a are handbook values, or, in the case of I f, are easily computed, and 
et the mathematical manipulations involved can be readily and rapidly performed — G 
i, strength and low-modulus materials, the appreciable saving in weight that may © 
_ be realized by the use of the more complicated Eq. 83 will vill easily outweigh 1 the 
slight increase in effort required for its application. 
be The author is to be highly commended for having developed the simple 


buckling parameter dt for I -beams and for having proposed a set of simple 

design formulas which should adequately handle -thost design problems 
as cerned with the lateral buckling of solid I -beams of structural grade steels. 


i ae The writer feels, however, that it is desirable that the limitations of ‘in 


formulas shall not be considered a as providing » adequate. design methods for all 


formulas based on this parameter be recognized, and it is important that ‘such 


__H. D. Hussey,?7 M. ASCE. *72—There | has been a need for a formula ‘that 
_ takes account of the torsional of t the beam. basic theory of 


9 appears ‘unduly « conservative for use general design 
The author has considered several types of loading but he has omitted any | 
a ae reference to a beam under pure bending, | which is the most general form of | 


rs beam loading. ic Loadings covered | by the author should be considered only as 


= wee ‘special cases. » Af formula will be developed, in this discussion, for a beam 


When an al 


ae Society i in 1945, the following b beam formulas were in general use: “American 


Institute of Steel Construction s s for buildings— 


4 


in 


and American “an Railway ‘Engineering and pan Associat 


b, 


fam with the aid of a slide rule. When designing lightweight structures in al 
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When Eq. 9 is written in the form— 


abscissas. Each beam will thus be ‘represented by a separate graph, 
pending upon t ‘the value of the ratio t/d, ass shown i nin Fig. 13. Curves for Eq. 
E- Fig. 13 represent the following beam sections: (a) 12B14J (t/d = 0. 0188); ;_ 
(b) 12 B 163 L (¢/d = 0. 0224); (c) 30WF108 (t/d = 0. 0255); and (d) 36WF230 

Wa = 0. 0351). There are 1 

than forty rolled beams with values" 


D ~(d) 36 WF 230] 
_ of t/d less than 0. 0351. These i in- 3 
“elude practically al} the popular 
“lightweight sections of each depth. 
It will be noted that the strength < , 
= S 8 
of these forty beams, when calcu- 3 
lated by Eq. 84c, is considerably 10 25 > 


less than when calculated by Eq. 
Sta, The s strength ‘many of A 
= beams falls far below that Beam, a8 CompuTep By Eqs. 84 
the fact that their | strength is derived from a basic unit stress of 20,000 jand 
i For example, the solution of Eq. 84a, for an ratio b = 30, yields 
pete of fa = 15,000. ‘ In contrast with this, the | corresponding value of fo 4 
beams, when calculated by Eq. 84e, is: 


4 


These examples show that the allowable for many beams, when de- 
from 84a, were at, or the critical stresses as 


. Example 1 —The theory of lateral buckling of besten as illustrated by | 

: Fig. 1, is based on a simply, supported beam in which the moment diagram 
Varies from zero at the two ends to a maximum value at the c center. - When 7 
the > unsupported length of the beam i is less than the beam span, the moment a 
diagram for this part of the span is different from that for the entire beam in ia ae 
having moments at the two ends. pal! 


Example 2.—Assume that a ‘beam supports two equal concentrated loads 
‘imaaieally spaced on the beam, and that the loads divide the beam into 
three — When the are isolated it is found 
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ee the middle part is under pure bending and each of the two end lengths has a 
moment diagram which varies from zero at one end to a maximum at the other. 


Example 3. —N ext a assume that the beam in Fig. 1, which supports a a single 


dividing the beam into unsupported lengths. Assume, also, ‘that 
- the concentrated load is perfectly free to move transversely with the beam 
7 as the beam deflects sidewise, as shown i in Fig. 1. The middle third of f this 
beam has a maximum moment at its. center, but there are moments at the two. o- 
ends of this part that are two thirds as great as the maximum moment. al 
Example y) —If the load on the beam it in Example 3 were uniform, instead 

= of concentrated, the moment at the two ends of the middle third would be 
“nearly 90% of the maximum moment. Tt is assumed, of course, that the 
uniform load is | perfectly free to move e transversely with the as the 
beam deflects sidewise. If this beam were divided into more than “three 
parts, the moments at the ends of the middle part would be more than 90% 
Floor beams in railroad bridges have loads, 


in the are in the class with in 
which has a uniform load. long deck girder i is divided into 
“many panels by the lateral system. if one panel near r the center of this 
-_irder is isolated, moments will be found at the ends of this panel that are. 
nearly as great as the maximum moment in the panel. — ‘The uniform load on 
the top flange of the girder produces ve very little change in moment throughout: 
i ~ length of the panel. — The ‘principal effect of this t top flange load is to con- 
tribute to the moments at the two ends of the panel. This girder, therefore, 
should be considered as a beam under pure Sontag and not as a beam under 1 
ss One of the: principal considerations i in this problem | is the nature of the load 
supported by the beam. To apply this beam theory to a a practical problem, 
ot the load must be perfectly free to move transversely with the beam as the 
= beam deflects sidewise. » the load is not free to move sidewise, the problem 
; eer is changed radically and the compression flange i is greatly strengthened. For 
ae example, if the load in Fig. lis: applied at the top flange of the beam and the ; 
Mas load is perfectly free to move sidewise, the strength of the beam is proportional 
me to the values of the factor k as given in Col. 2, Table 1. - However, if this load 
is not free to move sidewise, the problem is transformed into the problem 
& aro illustrated in Fig. 8, and the strength of the beam is proportional to the factor 
: te : k as given | in Col. 8, Table 1. The strength of of the the latter be beam i is much s much greater ; 
The number of of beams i in actual structures, which support loads that are 
perfectly free to: Move e sidewise, is is So small that such beams sshould considered 
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by th the author in n developing his proposed Kq. 9. 
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... It is apparent from Eq. 4 that there are three fundamental eee in 
‘the solution of the beam problem—length, section, and type of loading. — In 
attempting to present a a simple formula the author has included only the first 
of these variables i in the parameter, d/ (b of Eq. 9. has covered 


— 


ic 


—which produces a formula that is safe for the severe 
of the frequency of its occurrence. | 


. * Timoshenko® has demonstrated the theory of beams subjected to pure 
feaion. The value of the critical moment for this type of loading may be 


an M, = 1 41, 0.30). . rer 
in which v is Poisson’s ratio. ‘The value of the critical buckling unit stress 


in which r, and r, are the radii of gyration about iis i -axis and y-axis, respec- 
EG. 86 may ‘eeu > simplified, by t the use of two close a approximations. , 
the ratio © for rolled beam sections is nearly constant and 
Second, ie: torsion constant K can be represented for rolled beam sections by _ 


ore, 

-. in which A, is the wiiias area of the beam and ¢ is the thickness of the 

od flanges. — (Eq. 87 37 is exact for ‘many sections. pu Since is under the radical in 

em, 86, a any error due to the use of 87 has ot only a a small effect on the \ value 
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= formula for isaaea stresses can be obtained by dividing Eq. 88b by : an 
Preeti factor of safety. ‘ Using a factor of safety of 1.65, for instance, the 
270,000,000 


1. 90a m may be expressed i in a very y simple form as follows: 


& 906 avoids the use of large pivalhins that a are involved i in the so ‘solution of 


By Eq. 90b, with 1/b = 30, I/ty = = 153, —] = 3.9, and n = 0.875, the 
allowable unit stress for the 30WF108 beam is 15,000. This i is in sharp con 
trast with the value of 10, 200 determined by Eq. 9 and agrees ¢ exactly with the — 
* Value of 15, a obtained by the use of Eq. 84a. Values of the coefficient ki in 


= 


4.640 
i 
5.322 


A of values of k with given in Table 1 reveals 
a beam supporting au uniform load at the centroid of the ss is os sends 
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‘The author mentions ‘the of | at ‘the 
‘alts as a condition of a uniform load at the centroid. It will be recognized — 
that a long beam hanging i in erection slings is not the same problem : as the beam 
- shown in Fig. 1. The ends of the beam in Fig. 1 are held i in a vertical position 

- against rotation. When a beam is ‘picked off the ground, however, the « ends" 
- rotate as the beam buckles laterally. — It is hoped that the author: will 
extend his investigation to cover this particular condition, 
in This s problem i is of such interest to ) erection engineers that it deserves f urther 
study. One can compute the ‘span length at which a simple-span beam will - 
buckle from its own weight, when the ends are blocked so that they cannot — 
‘rotate. | - Using Eq. 85, and increasing it by 13% t o make it applicable to a 
uniform load, _ will give the critical moment at which ‘such a beam ac buckle. 


Substituting for ‘moment produces an equation fr from which the 


solving Eq. 85 for he of 
\ term. under the radical sign becomes so great as compared to unity, that the 
latter may be be a _A solution of Eq. 85 then becomes: _ 
In icreasing Eq. 91 by 13%, substituting Me 


. ads to the oieeing equation for rolled beams: 


‘or 


and K = = 0. 30 A, 8, 


cr 
J 8 


in which w equals the weight « of the beam per. inch, s&s ‘Noting that, for or steel 


beams, w/A, : =0. 2833 Ib (the weight of 1 cu in. of steel), the following ‘simple 


he web 

and athe as the beam deflects laterally. 

While hanging in the slings, the centers of the two ‘supports will lie in 

vertical: plane which passes through the center of gravity of the beam. 
the twisting of the beam is neglected (assuming an infinite torsional | 

om lateral deflection considered, the following formula. can be derived: A 
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t is 36% stronger, _ 
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. ‘plane of the web. “Tf the slings a are attached to the top flange of the beam, h 
may be assumed to d/2. For this case Eq. 92c becomes: pur 


Solving Eq. 926 for considered in connection with Eq. a length 
of 89 ft is determined for a 36WF150 beam, and 79 ft for a 30WF108 beam. 

_ Kq. 92¢ gives the length at which a steel beam will buckle when hanging in ~ 
slings at the ends, assuming that the torsional rigidity of the beam is infinite. ; 
iff the true torsional rigidity of the beam were considered, the correct length — 
should be less than that found by Eq. 92e. 

Acknowledgment. —The writer wishes to acknowledge the assistance given 
to him by George E. Howe and C. W. Wixom, Members, ASCE, in the prepara- 
of ‘this discussion. The former was the first to indicate the extremely 


unit stresses el from Bq. 7 Eq. 9 for L beams and J- as 


Bue. 


+ 


a4 


lll! 
— 
va 
| 
- 
VoL 
— 
> 
on 
— 


